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INTRODUCTION 

The flood plains of the Wabash and western 
Tippecanoe Rivers extend through 230 mi of latitude 
in Indiana. The Tippecanoe south of Ora, and the 
Wabash from Logansport to the Ohio River, comprise 
430 mi of river distance. Within these limits, a study 
of flood plain vegetation and certain aspects of its 
environment was initiated in January, 1955. It was 
anticipated that the long north-south distance having 
comparable (because similarly fluctuating) edaphic 
conditions, and a paucity of dominant tree species, 
might, by reducing the other variables, permit cli- 
matic influences to stand out in bolder relief. The 
field work was terminated in March, 1959. 

While much ecological research has been devoted 
to the upland vegetation of Indiana, a brief paper on 
trees of the White River flood plain by Lee (1945) 
reported the only vegetational analysis of Indiana 
bottomlands. Oosting (1942) wrote that on flood 
plains and islands forming in streams are communi- 
ties 
... quite unrelated to man’s activities ... these areas 
and their vegetation can be of little eeonomic importance 
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but ecologically they may be of great significance for 
from them may come valuable clues to the vegetational 
trends before the extensive influence of man. Within 
these isolated areas may be the remnants of once wide- 
spread species now remaining only as relicts. Approach- 
ing the limits of its range a species can rarely compete 
with the usually aggressive members of secondary com- 
munities, and, if present, will most frequently be found 
localized in the . . . primary areas. 


Friesner (1937) emphasized that Indiana is a 
“critical botanical area” which furnishes a meeting 
place for northern and southern species, 

In a controversial paper supporting his “indi- 
vidualistie concept of the plant association,” Gleason 
(1939) used the postulated range limit behavior of 
species along the Mississippi River as an illustration. 
One of our aims was to test the Gleason theory re- 
garding the occurrence, and the continuum concept 
(Curtis & McIntosh 1951) as to the phytosociology 
of flood-plain species in a_ region already very 
thoroughly surveyed floristically by Deam (1940) 
and reported on annually in the Indiana Plant Dis- 
tribution Records (Proceedings Indiana Academy of 
Science). 

The writers thank those in charge of the herbaria 
at Butler .University, Indiana University, DePauw 
University, Wabash College, and the University of 
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Illinois for permission to use specimens during visits 
to these institutions to check species range limits. 
Mr. Franklin B. Buser supplied further data on 
Fountain County limits. Dr. William J. Wayne 
kindly checked the geological background discussion. 

The National Science Foundation provided the 
major financial support by a 4-yr research grant 
(G-1258). Sterling and Petty were employed for one 
summer of their thesis research periods; Dr. John 
Merkle and Dr. Ray Jackson served one summer 
as research assistants primarily to identify specimens. 
Mr. Jay Law was undergraduate field assistant dur- 
ing one semester. Petty (1958) was responsible for 
the zonation and succession studies with emphasis 
on herbaceous stages; he also contributed part of the 
flood damage section, and shared photography in the 
field with the senior author. VanAsdall (1958) dealt 
with the edaphie conditions and effects, including the 
relation of species to the average river level, and with 
dendrographie work on silver maple. Sterling (1958) 
studied climate and plant range limits. These 3 
authors each did one year’s research. Lindsey carried 
out the studies of the 56 forest stands, made the 
punch ecard field records at other sites visited but not 
subjected to detailed study and analyzed these rec- 
ords (except those on water level relations), observed 
ice damage, supervised the project, and prepared the 
manuscript. 

Names of trees conform to those in the check list 
by Little (1953); for other plants Deam (1940) has 
been followed. Authors of names may be found there- 
in. The 629 species and varieties identified constitute 
26% of the native and naturalized plants of Indiana 
(Deam 1940). Specimens were placed in the Purdue 
University Herbarium. 

Roadsides and man-made levees have been excluded 
from consideration. 


HYDROGEOLOGY AND EDAPHIC 
CONDITIONS 


WATERSHED History AND CHARACTERISTICS 

From east to west across the southern four-fifths 
of Indiana, a sequence of sedimentary rock forma- 
tions represents decreasing geologic age. (U. S. 
Geological Survey, 1956, map). Similar formations 
represent decreasing geologic age from south to north 
in the northern fifth of the state. The Wabash and 
White River systems flow directly across these forma- 
tions; as each formation appears, the older one dis- 
appears beneath it. In southern Indiana, where the 
glacial drift is thin or absent, bedrock has its most 
pronounced effect on the watershed physiography. 
In areas of less resistant rocks, the streams have wide 
valleys filled with alluvium; restricted valleys are 
typical of areas of more resistant rocks. The lower 
Wabash flows through an area of weak Pennsyl- 
vanian shales, where the valleys are broad. In con- 
trast, limestones confine the valley at Wabash. 

At the close of the Pliocene, the area of the pres- 
ent study was largely drained by the pre-glacial 
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Teays and Wabash river systems (Wayne 1956). The 
Teays, much the larger, flowed across north-central 
Indiana in the same general area as the present 
upper Wabash, but, crossing the present Wabash 
position at Lafayette, continued westward into IIli- 
nois. Otterbein Valley, tributary to the Teays, headed 
in Pulaski County and drained part of the area 
which is now the Tippecanoe River basin, while the 
preglacial Elkhart and LaPorte Valleys drained the 
remainder of that area northward. The divide be- 
tween the pre-glacial Teays and Wabash Rivers was 
across Vermillion, Parke, Montgomery, Boone, a.il 
Hamilton Counties. The pre-glacial Wabash proba- 
bly headed in Hancock County. The Ohio, rising 
near Madison, Indiana, was a relatively insignificant 
stream and a tributary of the preglacial Wabash 
bedrock valley. 

Very early in the Pleistocene, this drainage pat- 
tern was upset. Wayne (1956) wrote “An early ice 
sheet, probably either Nebraskan or Kansan, deranged 
the Teays system and diverted that part that lies south 
of the glacial boundary into the Ohio valley.” He 
stated that during Illinoian time the meltwater proba- 
bly had its outlet down the Wabash instead of across 
Illinois. Subsequent glaciations so altered the topog- 
raphy that the drainage systems were diverted south- 
ward, resulting ultimately in the present drainage 
patterns. 

The present physiography, drainage, and soils of 
Indiana show the strong influence of glacial history. 
The Illinoian ice sheet covered practically all the 
deposits left by the earlier Kansan ice, because both 
glaciers reached almost the same southern limits in 
Indiana. From the beginning of Illinoian time, each 
successive ice sheet has come less far south. Thus, 
from south to north the state shows progressively 
younger terrain. Illinoian drift covers approximately 
the southern third of Indiana, except for the 66,250 
sq mi of unglaciated land. The northern two-thirds 
of the state is covered by deposits of 3 major ice 
advanees. The later, younger drift exhibits more 
topographic diversity. The deposits range in thick- 
ness from 50-100 ft over bedrock uplands to 450 ft 
in major valleys and over bedrock lowlands. Sand 
and gravel are well represented in the sediments, 
particularly in the northern quarter of Indiana. 
Since the oldest Wisconsin till in the state is about 
21,000 yrs (C-14 date W-580) and the youngest 
14,000 yrs (C-14 date W-198), leaching has not been 
severe and the soil profiles are somewhat immature. 
Beeause of the thickness of the drift, bedrock out- 
croppings are rare except along the Wabash Valley 
and some of its tributaries. 

South of the Wisconsin glacial boundary, the 
greater dissection of the upland by erosion in areas of 
this Illinoian drift has produced more abundant bed- 
rock exposures. The till, derived from shales, shaly 
sandstones, and limestones, is chiefly silty in texture. 
Leaching has progressed 9-14 ft deep (Bushnell 1944, 
1958). 

The glacial meltwater floods from the late Wis- 
consin recession poured down the present Wabash 
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Valley, broadening the valley by erosion, and leaving 
oceasional rather extensive high glacial outwash ter- 
races, such as those in West Lafayette. 

The main stem of the Wabash rises in the Grand 
Reservoir (Lake St. Marys) an artificial lake at 
Celina, Ohio. Its upper reaches (north of Vigo 
County) flow through the thick drift of Wisconsin 
age that underlies the Tipton Till Plain (Malott 
1922). As in most Wisconsin deposits, the drift acts 
as a storage basin for ground water, to which is 
attributed the fairly constant stream flow in this area. 
The agricultural soils there tend to be heavy, although 
sand is also well represented. The lower Wabash 
flows through the Wabash Lowland, which is covered 
with weathered Illinoian drift although bedrock ex- 
posures are common. Glacial outwash gravels and 
sands are prominent locally. 

The East Fork of the White River flows south- 
westward across the wedge of unglaciated land for 
90 mi, so that the lower 85 mi of the Wabash (below 
Mt. Carmel, Ill.) ineludes water from this rough 
dissected area in which varying precipitation pro- 
duces wide fluctuations in stream flow. 

The Tippecanoe River has its entire watershed 
within the area of Wisconsin glaciation. It arises 
among the lakes of the Steuben morainal lake area in 
northeastern Indiana, where drift was deposited by 
both the Saginaw and Erie ice lobes during the Cary 
subage. The surface is young and the topography 
not much modified by erosion since the last glacial re- 
cession. Terminal moraines are prominent; natural 
drainage is often poor and many small lakes, ponds, 
swamps and bogs occur. Bedrock exposures are not 
found. Farther west, the Tippecanoe traverses the 
rather flat Kankakee Outwash and Lacustrine Plain 
(Malott 1922; Wayne 1956). The surface deposits 
are dominantly sandy; no bedrock is exposed. 

The Tippecanoe watershed is iargely within these 
two physiographic regions, only the last 50 mi of the 
river traversing the Tipton Till Plain. 

It is apparent from the above account that the 
Wabash River system drains a very diverse area from 
the standpoint of bedrock and surfical parent ma- 
terials for soil development. 


STREAM DYNAMICS AND THEIR EFFECTS 

The Rivers—The main stem of the Tippecanoe 
is 166 mi long. It flows very crookedly through 
Kosciusko, Fulton, Pulaski, White, and Tippecanoe 
Counties, joining the Wabash near Americus, Indiana. 
Its watershed is about 1,900 sq mi. The tributaries 
are small, but most of them drain either lakes or 
swamps, which contributes to making the discharge 
rather constant (Tucker et al. 1922). The Tippe- 
canoe has an average fall of about 30 in./mi, but its 
profile is peculiar in that the fall in the upper course 
is much less than that in the lower course, because at 
Norway it crosses the northwest branch of the Cinein- 
nati Arch where the surface formation is hard lime- 
stone and dolomite of Niagaran age. The stream has 
been unable to cut through the rock at this place, but 
the Wabash has been deepening its valley at the 
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Tippecanoe mouth, making possible a steep gradient 
in the Tippecanoe below Norway. 

The U. S. Geological Survey maintains gaging sta- 
tions on the Tippecanoe at Ora and near Delphi. 
This agency expresses river stages (gage heights) in 
feet above a fixed zero gage which is usually set at 
or near the lowest known water level. Discharge is 
expressed in cubic feet per second (c¢.f.s.).1_ Records 
for the station near Ora since September 1943 showed 
that the discharge varied from 122 ¢.f.s. to 7,800 ¢.f.s. 
Those from the Delphi station since July 1939 give 
discharges from 94 to 17,200 ¢.f.s. These maxima 
of record can be expected approximately every 14 
yrs at Ora and every 10 yrs at Delphi. 

Two large artificial lakes, Shafer and Freeman, 
resulted from damming the lower middle Tippecanoe. 
The lakes are for power and recreation, not flood 
control. Since the discharge at the dams is kept es- 
sentially equal to the inflow, the lake levels never 
vary more than 3 in. Hence they have little effect on 
natural variations of flow in the stream below the 
downstream lake, Freeman. The middle Tippecanoe 
above the lakes, passing through sandy terrain, is a 
much clearer stream than the Wabash. 

The Wabash is 475 mi long and has a drainage 
area of 33,100 sq mi, of which 8,563 are in eastern 
Illinois and 319 in Ohio (Doggett 1952). It flows 
westward across Indiana to Tippecanoe County where 
it bends southward. For 198 mi, the Wabash flows 
between Indiana and Illinois, before joining the Ohio 
River west of Mt. Vernon, Indiana. The Wabash 
flows over a rock channel throughout much of its 
course in and above Wabash County, and again 
through most of Cass County; from Lafayette down- 
stream the bedrock floor of the valley is well below 
the river bed. Although the average fall throughout 
its length is about 25 in./mi, it is less than 9 in. for 
most of the portion involved in this study. Oxbow 
ponds, ard sloughs of various depth which hold water 
permanently to very intermittently, are far more 
numerous below Vincennes because the stream course 
is tortuous, its flood plain broad, and its gradient re- 
duced. 

The 8U. S. Geological survey gaging stations w-th- 
in the limits of our study are listed, with pertinent 
data, in Table I. They are in Indiana, except for 
Mt. Carmel, Illinois. The starting dates of records 
vary from station to station; the youngest is Coving- 
ton, started in 1939. The maximum Wabash water 
leveis of record occurred during the great flood of 
1913; low water at Lafayette (501 ft) occurred in 
1895. The extremes of discharges and corresponding 
gage heights (Table I) reveal that the usual trend of 


downstream is reversed at Vincennes be- 


increase 
cause of the wider channel at Vincennes than at 
Riverton. 


Except for the stations at Logansport and Vin- 
cennes, the frequency with which maximum discharge 
may be expected decreases downstream (U.S.G.S., 


1 C.f.s. is defined as the rate of discharge of a stream whose 
channel is 1 sq. ft in cross-sectional area and whose average 
velocity is 1 ft/sec. 
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TABLE 1. Extremes at Wabash River stations in 
volume (cu ft/sec); gage height in ft, elev. in ft above 
mean sea level for the greatest flood of record (1913). 
Flood stage in gage height is given for comparison with 
extremes. Data compiled from U.S.G.S. Surface Water 
Supply of the United States 1953, Part 3-A, and Wabash 
River and Valley Charts, U. S. Engineer Office, Louis- 
ville, Ky., 1914, 1929. 





Minimum | Minimum Maximum | Maximum Maximum 











Station discharge, gage Flood | discharge,| gage | above 
cfs |height feet} Stage | efs theight, feet} sea level 
Logansport | 135 2.27 17 | 89,800 | 21.32 | 599 
Lafayette... 392 24 11 | 131,000 | 28.47 | 534 
Covington...| 487 1.81 16 | 147,000 | 32.44 | 511 
Montezuma..| 560 1.43 — | 184,000 | 32.83 | : 
Terre Haute.| 690 2.40 14 | 189,000 | 30.50 478 
Riverton....| 858 02 | 18 | 201,000 | 29.36 443 
Vincennes. . . | 770 1.40 | 16 | 189,000 | 29.33 427 
Mt.Carmel..| 1,620 | — .10 17 | 305,000 | 25.17 | 403 
unpublished). More important ecologically is the 


expectation of “flood stage,’ which differs in gage 
heights at the station as shown in Table 1. This varies 
because of differences in the stream cross section, 
bank height, and the arbitrary assignment of gage 
Except for Logansport, flood stage may be ex- 


zero. 





Fig. 1. 
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Airphoto of an island in the Tippecanoe River in October, 1955. 
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pected at least every 1.5 yrs at all stations. Generally 
speaking, flood stage and any particular stage above 
it may be expected with decreasing frequency down- 
stream. 

Alluvial Deposition and Erosion.—The early stages 
of riverside succession occur primarily on insular and 
marginal bars; therefore, a brief review of the origins 
and dynamics of such substrates is necessary. The 
Wabash is principally a degrading stream, with sev- 
eral different terrace levels. We are not concerned 
with terrace levels which are no longer flooded, so 
have disregarded the levels deposited millenia ago by 
glacial meltwater. Farther down is a terrace which 
is only inundated by the unusual great floods, is no 
longer being built up appreciably by deposition by 
such present-day floods, and has soils which show dis- 
tinct leaching. This level, called “high bottom” by 
local soil scientists, we term “second bottom.” The 
“first bottom’ is unstable from modern river cutting 
and deposition, endures annual flooding, and exhibits 
no leaching. It is the active fiood plain, while the 
second bottom is a historical relic, on its way to be- 
coming completely abandoned as the river cuts deeper. 
On the Wabash the first bottom is generally forested ; 
the second bottom is cleared and cultivated even on 





Upstream (top) half of island 


shows many American elms (dark, granular, in from the banks mostly). Lower half shows many silver maples 
(light); the youngest substrate is at the extreme lower tip, where black willow saplings give the dark soft 
effect, followed by a stand of young silver maples (very light and dense). 
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most islands. All islands visited in the Tippecanoe 
are alluvial, as are practically all those in the Wabasb. 
The numerous small islands (Fig. 1) on the Tippe- 
canoe are forested and relatively undisturbed by man. 

Flint et al. (1941) pointed out what may occur 
when velocity is ine: used in times of flood. Under 
ideal conditions, doubling the velocity may increase 
abrasive power by 4 times, increase the capacity to 
transport rock fragments of a given size by as much 
as 32 times, and inerease the volume of the larges: 
piece of rock the stream can push along its bed by as 
much as 64 times. Similarly, reduced velocity may 
generally be correlated with the deposition of gravels, 
sand, silt, and clay as both the speed and level of ihe 
water decrease. Thus in times of receding flood and 
also at normal stream level, in the slack water of the 
convex bank of a stream-bend, deposition occurs and 
point bars are built up, thereby narrowing the chan- 
nel and causing the current to erode the opposite 
“eut-bank.” As successive portions of the bar become 
emergent for a sufficient time during the frost-free 
season, the invading vegetation lends in a variety of 
ways and degrees to stabilization and further de- 
velopment. Within the same river, deposition is 
highly variable due to varying discharge and shifting 
currents, but the nature of the deposits is closely re- 
lated to the velocity of the water which has trans- 
ported them. 

Observation of exposed root systems and undereut 
and fallen trees shows that lateral stream migration 
is a major faetor with which flood-plain plants must 
contend. It is to such migration with accompanying 
lateral accretion at point bars that Wolman & Leopold 
(1957) attributed the main role in flood plain forma- 
tion, rather than to overbank deposition upon the 
general flood-plain surface. There are many straight 
stretches in the upper Wabash; “the wandering 
straight channel deposits material in the same way as 
does a meander and hence is equally capable of form- 
ing a true flood plain . . .” according to Wolman and 
Leopold. 

The conclusion that the proportion of overbank 
deposits is very small compared with channel deposits 
is still tentative, but if it is valid the deposition- 
promoting role of early woody plant stages of suc- 
cession on point bars must be extremely important 
in floodplain formation today when the floodplain sur- 
face has been so largely cleared of native vegetation 
for agriculture. 

Islands are formed in diverse ways. Before the 
day of flood-control levees, large islands were some- 
times formed by the meander of the river segmenting 
a portion of substrate previously continuous with the 
flood plain proper. This may have occurred as tlic 
result of a single flood severe enough in its erosion 
to change the previous main channel. The major 
cause operating now in the Tippecanoe and Wabash is 
local sediment accumulation. Such localized increase 
in deposition may be brought about by iluctuating 
discharge and migration of the main current, or, often, 
by lodged debris, e.g., tree trunks, sunken barges, or 
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even pendant tree limbs (Fig.2). Eventually the up- 
building substrate becomes emergent long enough 
during the growing season for pioneer species to 
invade. The invasion and reinvasion and eventual 
establishment of these pioneer communities over an 
indefinite period, aids in the stabilization of the in- 
sular bar by helping to bind the substrate and to 
increase deposition by slowing the current of the 
turbid high water. Two specific and detailed accounts 
of insular bar and island formation may be found in 
the studies of Shull (1932) and Dietz (1952). 


» 





Fic. 2. A small bar in the Wabash initiated by a 
drooping willow limb impeding current flow and catehing 
flotsam. 


The island (Fig. 3) north of the Brown St. Bridge 
at Lafayette is of recent origin; the oldest cotton- 
woods bored on it started life in 1945. Purdue Uni- 
versity airphotos taken at low water in 1939 show 
definitely that no island was there then; both sides of 
the river were quite straight. The photographs of 
1945 were taken at flood time but showed the exist- 
ence and position of the island by vegetation pro- 
jected above water. Large scale photos flown in 
1953 show under stereo a high island (Fig. 4) 
covered chiefly with medium-sized black willows. Dr. 
Helmut Kohnke (personal communication 1956) 
stated that this island did not exist before 1943. 
From the above evidence it seems probable that the 
bulk of material constituting the present island was 
laid down within a few days in May, 1943, when the 
second highest flood level on record was reached at 
Lafayette, and its main flow was forced toward the 
opposite bank by discharge from a new storm sewer 
below the island. 

In September, 1959, the largest cottonwood (Fig. 
3) on this island had a 13.2 in. d.b.h., and an esti- 
mated height of 40 ft. The lower 8 ft of its trunk 
had a pronounced downstream curvature. There were 
about 8 times as many black willows as cottonwoods. 
The greatest width of the upper level of the island 
was then 70 ft and its gage height was 8.7 ft. 

A conspicuous feature which seems not to have 
been noted in the literature may be termed a “swirl 
bowl” in the alluvial surface around the base of a 
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Populus deltoides and Salix nigra in 1959 on 
a Wabash River island initiated by the flood of May, 


Fig. 3. 


1943, at Lafayette, Indiana. Many tree trunks show 
downstream curvature. The largest tree on the island, a 
13.2 in. d.b.h. cottonwood, is shown in center. 


Nag dd/ 4 + 
eS ian? 


# 
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Fic. 4. Airphoto of the same island (ef. Fig. 3) in 
1953. 





tree trunk. Around an isolated tree the symmetrical 
depression may be as much as 20 ft in diameter. For 
a broad bowl to develop, a large trunk is necessary. 
Whether 5 or 20 ft across, bowls have a maximum 
depth of 2.5 ft. Their outline is circular and the 
tree is in the center. Bowls are characteristic of silt 
alluvium, which is by far the predominant soil- 
texture class on Wabash flood-plains. Possibly trunks 
play a role in overbank deposition in relation to the 
bowls. 
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Average Water Level as a Datum Point.—During 
the field work on flood-plain communities, the dis- 
tances of stem bases from the current water level of 
the river were recorded on field forms. An expres- 
sion for significant water level comparisons of plant 
occurrence was needed. Elevation above sea level 
was impractical because of the 270 ft difference be- 
tween the river elevation at Logansport and its june- 
tion with the Ohio. Neither were other available 
reference points, as zero gage (tied to height above 
sea level) or mean low water, suitable. An average 
water level was ecologically significant since it ap- 
proximated the level at which many plants grew. 
It also minimized the negative numbers. 
Average water levels for the various gaging stations 
were computed for the summer half-year, May 1 
through October 31, by the procedure described below. 
From United States Geological Survey discharge- 
gage height-rating tables, a curve showing the dis- 
charge and gage height relationship for each station 
was developed by plotting gage height in feet on 
the ordinate and discharge in cubic feet per second on 
the abscissa. 

Surface water publications (Doggett 1952; U. 8S. 
Geological Survey 1953) supplied complete records 
for the 8 stations on the Wabash for the water years 
from 1939-40 through 1949-50, and for the 2 stations 
on the Tippecanoe for the water years 1943-44 
through 1949-50. The United States Geological Sur- 
vey at Indianapolis and Louisville furnished prints 
of their 9-192 a forms for the water years 1950-5] 
through 1955-56. 

The mean monthly discharges at each station for 
the summer months for the 17 yrs (13 yrs at Ora 
and Delphi) were averaged. This gave the summer 
average discharge. 

From the curve which was developed using the 
discharge—gage height rating table, the summer 
average water level in feet above gage zero was de- 


use of 


termined. 

The estimated distances of plants above or below 
the current water level were converted to distances 
above or below the average water level by adding or 
substracting as the position of the plant, current 

yater level, and average water level required, and the 

results were punched into IBM punch ecards. These 
cards were then grouped according to species. Since 
the location of the plant was designated in degrees of 
latitude, the cards for each species were then arranged 
latitudinally, and the information printed as a table 
by IBM machine. 

Relation of Plant Occurrence to Average Water 
Level.—The tabulated data were analyzed for the 
species for which there were 5 or more field-height 
estimates. The Tippecanoe and Wabash records were 
handled separately. Some species were found on one 
flood-plain and not the other. Many individuals were 
too far from water to estimate positions. On the 
Wabash, 53 species qualified, on the Tippecanoe, 57. 
The median height for each species was determined. 

The results for trees were used to determine the 
flooding susceptibility number used in later sections. 
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Although Cephalanthus occidentalis had its median at 
the average water level, all other woody species had 
medians above this level. The range of heights of 
many woody species is wider on the Wabash, usually 
due to both lower minima and higher maxima. Most 
of the woody species do not extend their ranges below 
the average water on the Tippecanoe because of the 
relatively constant stream flow. Some individuals on 
the Wabash are able to invade below the average 
water level; in the drier summers the river may be 
well below the average. Plants can rarely do this 
along the Tippecanoe. Many species on the Wabash 
have medians which are much nearer to their maxima 
than to their minima. The medians of most woody 
plants are higher on the Wabash than on the Tippe- 
canoe flood plains, because of the greater extremes 
and more frequent fluctuations in stream flow on the 
Wabash. Mechanical damage, especially to those 
plants near the river, is much more extensive and 
severe on the Wabash. Some species which have high 
medians on the Wabash (Gleditsia triacanthos, Acer 
negundo) have medians and ranges on the Tippecanoe 
among the lower occurring species. Other species 
(Salix interior, Betula nigra, Fraxinus lanceolata), 
having identical medians on both flood plains, are 
apparently quite tolerant of flooding and saturated 
soil. These species do not compete well with those 
less tolerant of flooding, and therefore do not effee- 
tively extend their ranges to higher levels; this re- 
sults in low medians on the Wabash. Celtis 
cidentalis and Juglans nigra were among those species 
with high medians along both rivers. 

The herbaceous species have patterns similar to the 
woody species. The medians of most species were 
somewhat higher on the Wabash flood plain than on 
the Tippecanoe. Some species (Dianthera americana, 
Rumex verticillata, Asclepias incarnata) had identical 
medians on both flood plains. While the ranges of 
the herbaceous species were greater on the Wabash, 
this difference is not nearly as pronounced as with 
woody species. In contrast to the woody species on 
the Tippecanoe the herbaceous extend their ranges 
below the average water level. It was often dif- 
ficult to determine the absolute minima of those her- 
baceous species which had ranges near the average 
water, since individuals become established below the 
average water level when the river is low and then 
die out when the river rises. This is more likely to 
happen on the Wabash. 

Although many species have higher medians on 
the Wabash flood plain, they usually oceupy the same 
positions relative to one another as on the Tippe- 
canoe. An exception is Acer negundo, which generally 
occurs much lower along the sandy Tippecanoe banks 
relative to other trees than on the Wabash. This 
distribution is related to soil texture for the boxelders 
found low along the Wabash are in very sandy soil 
on the current-battered upstream ends of islands. By 
permitting quick aeration after a flood, the sand com- 
pensates for the higher elevation otherwise required 
by the plant. The lower position of plants in general 
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on the Tippecanoe is probably favored by coarse soil 
texture in the same way, supplementing the reduced 
fluctuation factor. 


THE GRapieNt oF Sor PRoPERTIES 

Methods.—Soil maps have been published for 
several counties along the Wabash and Tippecanoe 
Rivers in official reports by various authors, espe- 
cially Bushnell & Tharp (1926) and Ulrich et al. 
(1943). Most of the alluvial soils are designated as 
Genessee; the only other type recognized is Eel, 
though there are variants of both. Much of the nature 
of the flood plain habitat has been attributed to the 
uniformity of alluvium, but the above-described diver- 
sity of watershed around the various tributaries raises 
a question about this generalization. 

To determine the degree of diversity of the prop- 
erties most directly related to soil moisture, 44 soil 
samples were collected along these flood plains in 
various physiographic sites, well-distributed through- 
out the study area. In every sample, soil was taken 
from 0 to 14 in. with approximately equal representa- 
tion from each depth. Soil was not taken from 
depths greater than 14 in. since this top layer of soil 
is the most important root zone, and the flood plain 
soil profile is undeveloped. 

Laboratory Methods—Each sample was ground 
with a rubber-tipped pestle, then passed through a 
2 mm sieve. The percentages of sand, silt, and clay 
were determined using the Bouyoucos hydrometer 
method of mechanical analysis (Bouyoucos 1936). 

Organic matter was determined using the chromic 
acid titration method (Wakley & Black 1934). 

Moisture equivalent was determined by standard 
procedure, using the soil centrifuge designed by 
Briggs & McLane (1907) for 30 minutes at 2440 rpm. 

The permanent wilting percentage was determined 
using the pressure membrane method. The literature 
shows disagreement as to the pF value at the wilting 
point. Kohnke (1946) stated, “It appears that pF 
4.15 is a reasonable average for the published data 
found for the wilting point.” This corresponds with 
a tension equivalent to 13.6 atmospheres. The pres- 
sure used was 200 lbs/sq in., which provides this 
amount of tension. 

Soil pH determinations were made using the La 
Motte-Morgan soil testing set. 

Results and Conclusions.—Table 2 presents the 
results of the soil analyses, arranged according to 
latitude of the sampling site. Above the mouth of 
the Tippecanoe, the same latitude may apply to both 
rivers. 

Theoretically, flood plain soils might be expected 
to exhibit a gradient in texture with sandy soils in 
the upper course, silty soils farther downstream, and 
clayey soils throughout the lower course. However, 
the conditions under which particles are transported 
are not constant. Sand is carried greater distances, 
for example, with an inerease in stream velocity. 
Previous deposition may also be shifted downstream. 
These factors alone would upset any well expressed 
gradient in texture. Also, the many tributaries of a 
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TABLE 2. Properties of the flood plain soils. 
Sort Soups | MotlsturE ConsTANTs | 
be La ia Fe EN sein inti aa 
Location Permanent | 
| Sampling i | Organic | Moisture | Wilting Growth | pH 
Site* Sand Silt Clay Matter |Equivalent} Percentage | Water | 

Siniteiiee River ae a ato 7 y = nae a g 
aaa. 1 45.6 | 36.0 | 18.4 ob ee 1.88 -) Be) oe 
. can ates? 83.6 6.5 | 8.2 | [s.... ae 3.9 | 78 
DRS eine ei ms ius | 27 | 27 | ws | 31 | 80 
pS By 90.8 aes | ST HS 3.0 | 185 | 7.8 
Sag Ba 76.0 | 19.5 | 45 | 2.7 | 12.1 a: -|. eo | oe 
> eas 1 86.5 Go 70-1 00 4.5 Be) het Giee) 21 ares 
har 1 Mette ies | 26 | 7.1 | 52 | 129 7.8 
| SES | 1 496 | 3.0 | 144 | 2.4 | 246 | 141 #| 10.5 7.3 
ee 2 88.0 6.0 | 6.0 | G0) 83 I ee.<.4 if 8.0 
40° 54’. ree eg. 75.0 wei 801.49 |. 04 2 ee 7.8 
RM Stacia ial Oe 68.0 | 170 | 5.0] .9 | 10.0 i. £64.32 
40° 41’ 3 65.0 | 17.0 8.0 | 0.0 11.9 3: Ty. oo 7.6 
Se Ges 76.0 | 16.0 80 | 00 | 11.2 23° Ss") ie 
2 72.0 | 20.0 8.0 | 1.4 13.0 4.1 83 |} 88 
a0? Se. =... 3 bye Ree fe) ST Os Ce Ge i ea i | es 4.1 6:2: }° 3382) 
ear ....... 3 oe iomee teed | 33 | we | Na | le |. 8A 
) bs 2 hse 8 19S: 1 364 1 O38 _S a ee 4° 1 824 

Wabash Rive 
=== ; 2 | 51.8 | 27.8 | 20.4 18 | 29.5 5.5 24.0 8.0 
40° 44’ ees 48.6 | 28.6 | 22.8 2.4 18.6 | 9.3 si 3s 
ee es 44.4 | 28.8 | 26.8 1.8 15.4 | 5.2 10.2 | 7.0 
40° 31’ ghee 32.2 | 36.4 | 30.4 3.7 21.7 8.7 Bs | 7s 
40° 25’ 1 7.6 | 38.4 | 54.0 2.0 19.9 | 17.4 si 3a 
_or.:.... 3 32.8 | 36.8 | 30.4 1.5 20.4 8.1 12.3 7.3 
=e Ree 22.0 | 38.8 | 39.2 2.0 27.4 10.5 16.9 7.7 
YY aa 3 00.0 | 65.5 | 34.5 3 37.9 17.3 20.6 8.0 
Ses ag 3 21.6 | 33.8 | 444 1.4 37.1 17.8 19.3 7.0 
io as 3 1.8 | 13.8 | 84.4 1.5 34.2 10.7 23.5 7.5 
39° 00’... 3 00.0 | 69.6 | 30.4 0.3 31.2 10.0 21.2 7.8 
SSeS 3 21.6 | 42.0 | 36.4 2.0 42.0 20.3 21.7 7.0 
SRS 3 23.6 | 32.0 | 44.4 1.8 36.0 18.8 17.2 6.8 
a in we 3 21.6 | 34.8 | 43.6 2.3 33.2 10.6 22.1 6.8 
i na 3 6.8 | 55.8 | 37.4 3.2 33.0 3s | we 4.8 
A ARES RS ee 3 15.0 | 23.8 | 61.2 3.7 33.5 10.0 23.5 4.8 
TE 3 6.8 | 44.8 | 48.4 0.4 33.5 16.2 17.3 4.8 
|. OSS 2 7.6 | 20.0 | 72.4 2.2 40.1 15.7 24.4 7.8 
Nes Spon 3 3 25.6 | 16.0 | 58.4 1.1 23.4 73 16.2 6.6 
aS 3 10.6 | 53.0 | 36.4 0.6 19.2 10.8 8.4 6.6 
> 2 eae 3 32.8 | 40.8 | 26.4 0.6 19.9 | 6.3 13.6 5.0 
38° 17’ 3 7.8 | 43.6 | 56.4 1.2 36.9 18.2 18.7 4.8 
ARETE SS 3 13.6 | 51.0 | 35.4 0.6 24.8 8.8 16.0 5.2 
37° 52’ 3 13.6 | 38.0 | 48.4 0.6 27.6 8.4 19.2 5.2 
Rr oa 3 32.6 | 44.0 | 23.4 1.0 21.1 7.9 13.2 6.0 
eR Seen: aa 1.6 | 8.0 | 9.4 | 3.1 37.2 16.5 20.7 7.0 
ERROR a 3 39.6 | 26.0 | 34.4 0.7 23.9 2.2 11.7 6.8 

















* (1) indicates a young sand bar, mud flat, or young island, (2) a river bank, and (3) the flood plain proper. 


major stream bring in soil particles which are then 
deposited along the flood plains of the main stem. 
Since the current of many of the tributaries is swift, 
soil particles of all 3 sizes are brought in, and de- 
posited in the lower course of the river. 

Table 2 shows that no general textural gradient is 
well expressed in the flood-plain soils of either river. 
The most downstream sample from the Tippecanoe 
shows a large increase in clay content. Doubtless, a 
great deal of this clay was brought in by tributaries 
flowing through the Tipton till plain where the clay 
content of the soils is much higher than in most of 
the Tippecanoe basin. Above the location of the 
most downstream soil sample, Lakes Shafer and 
Freeman promote settling of coarse soil particles. 


On the Wabash flood plain there is a trend for 
the soils to become finer in texture downstream. 
Clay content increases on the flood plain of the lower 
Wabash; it is distinetly higher below 39° 36’ (227 
mi point) where the river passes from Wisconsin drift 
to Illinoian terrain. However, the change in percent 
of clay is gradual, and not directly attributable to 
this difference in regional history. Also, the clay 
content is often no higher or not much higher than 
it is in the soils of the middle Wabash flood plains. 

Soil moisture constants are single expressions of 
all the factors which influence the water-retaining 
ability of a soil. Considering any one of the 3 
physiographic sites sampled, one concludes from Table 
2 that the soil moisture constants of Tippecanoe flood 
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plains are lower than those of the middle Wabash, 
and the latter are generally lower than those of the 
lower Wabash. The soils of the flood plain of each 
river are slightly more uniform in soil moisture than 
in texture alone. 

The flood-plain soils along the Tippecanoe and 
upper Wabash are neutral or slightly alkaline, while 
those south of 38° 33’ are often acid. While the 
acidity may be caused in part by the flow of southern 
tributaries through the severely leached Illinoian 
glacial till, the pH of about 4.8 must be due to in- 
dustrial pollution, probably including strip mines 
and oil operations. 

Although there was considerable diversity among 
these fl-od-plain soils, especially along the Wabash, 
the various factors of deposition were so complex that 
they tended to depart from the expected textural (or 
other) gradient, toward uniformity. Considering each 
river separately, the effective edaphic complex was de- 
cidedly more uniform throughout the north-south ex- 
tent of the flood plains than the effective climatic 
complex. 

The common oceurrence of thin bedding of abrupt- 
ly differing textures (Fig. 5) decreases the importance 
of the uppermost, visible layer. The root system of a 
seedling may take only a short time to grow through 
the surface stratum, and a mature root system may 
pass through many layers, so that it would often be 


impossible to assess the significance of soil factors. 
Beth horizontally and vertically, flood-plain deposits 
often exhibit a mosaic of small-scale heterogeneity, 
so intimately mixed that it results in practical homo- 
geneity of effective edaphic influences on plant life. 





Fig. 5. 
sand over silt. 


Stratified deposition, principally clay over 
The shovel stands in the silt layer. 


Fissuring of silty clay during drying was a factor 
of disturbance for small, rooted plants. A special 
microclimate was provided by the walls of the fissures 
(Fig. 6) for growth of the liverwort, Pellia. Silver 
maple seedlings grew profusely from the 2 in. depth 
on the walls of similar fissures; a layer of seeds had 
been uniformly covered by a silt deposit. 
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Fig. 6. Detail of a deeply fissured area on a gently 
sloping bank of the Wabash, where some cracks were 8 
in. across and 25 in. deep. 


HABITATS NEAR THE RIVER LEVEL 

One objective was to describe the riparian zona- 
tion and to determine in a preliminary way certain 
structural patterns and their variations in the develop- 
ment and succession of plant communities along the 
latitudinal gradient (230 mi) of these flood plains. 
The study considered the early stages of succession 
from first invaders of new-born substrate to terminal 
vegetation, and encompassed also those plants which 
invade and develop on cutover or flooded areas of the 


habitat. The field work on herb succession was ear- 
ried out chiefly in the spring, summer and fall of 
1957. 


There is at present very little published informa- 
tion on the plant communities of Indiana flood plains. 
In his study of the flood-plain forest within the 
White River system, Lee (1945) pointed out “the 
gregarious or colonial habit of the prominent species 
in the stands, making for a poorly expressed associa- 
tion.” His study, however, did not include herbaceous 
vegetation or the seral stages involved in the produe- 
tion of these forest stands. Outside the state, studies 
have been made involving flood-plain vegetation in 
various areas of North America, e.g., Aikman (1930), 
Penfound & O’Neil (1934), Hefley (1937), MeVaugh 
(1947, 1957), Ware & Penfound (1949), Shelford 
(1954), Buell & Wistendahl (1955), Ware (1956), 
and Bliss & Cantlon (1957). However, few of these 
studies include, to any great extent, herbaceous seral 
communities. One reason is the frequent lack of 
significant herbaceous stages in many river areas. In 
the studies cited, general trends of vegetational de- 
velopment and succession were found to be closely 
related to the nature of the alluvial substrate and to 
the water level relationships. 


METHODS 

Areas along the rivers suitable for succession 
studies (emergent bars, islands, mudflats, and dis- 
turbed areas) were located by stereo examination of 
airphoto contact prints (1/5,000 seale) of extensive 
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portions of both the Tippecanoe and Wabash rivers,! 
by motorboat cruising and float trips; and by driving 
along river roads located by use of U. S. Geological 
Survey maps. Nineteen areas were thus established 
along the rivers where sampling and more detailed 
observations were made. 

The quadrat method was employed where quantita- 
tive data were desired, using 1/4000 acre plots laid out 
by use of a 5 x 5 links wooden frame. The distribu- 
tion of these quadrats within the sampled area varied 
from continuous quad transects (in the study of early 
successional stages on bars, mudflats and islands) to 
randomly distributed plots in disturbed areas on the 
flood plain proper. Tabulated density figures are 
numbers of individuals per average 1/4000 acre plot. 


PHYSIOGRAPHIC COMMUNITIES 

Physiography is of ecological consequence only as 
it alters the more immediate controlling factors of 
plant growth and vegetation development. In the 
flood-plain habitat the primary controlling factor is 
the soil-water relationship. This will be discussed in 
the consideration of zonation and succession. 

Flood-plain physiography may be discussed in 
terms of 8 basic sites: aquatic, the water margin, 
backwater pockets, insular bars, point bars (convex 
bank), eut-banks (concave bank), the flood plain 
proper, and the flood-plain depressions and troughs. 
Deep sloughs and oxbows were not studied for her- 
baceous plant succession. 

The following descriptions cannot include all the 
variations of vegetational structure and species combi- 
nations which find expression over such an extensive 
area as the one studied. However, the communities 
and significant species presented are typical of those 
which oecur most frequently on the respective phys- 
iographie sites, and from the variation and similarity 
of their expression, interpretations and correlations 
can be drawn as to zonation and major successional 
patterns. 

The Aquatic Site—Kmphasis was not placed on 
the aquatic vegetation as such, but certain observa- 
tions were made. Aquatic angiosperms were far more 
abundant in the Tippecanoe than the Wabash River 
where they were sparse or wholly lacking. This is 
due to a lack of sufficient light penetration in the 
opaque water of the Wabash, its lower oxygen con- 
tent from pollution, and its extreme fluctuations of 
water level. Of the mid-channel aquaties, Polygonum 
natans was observed on a few gravel-silt bars in the 
Wabash in the vicinity of Lafayette, forming dense 
communities which were generally stranded at low 
water level. In the Tippecanoe, Potamogeton ameri- 
canus, P. pectinatus and Vallisneria americana (Figs. 
7, 8) dominated the submerged aquatic communities, 
forming continuous dense cover over extensive areas 
of the rocky riverbed. Sporadically associated with 
the above species were Potamogeton gramineus var. 
graminifolius, Anacharis occidentalis, Ceratophyllum 
demersum, Chara sp., and of a somewhat more coloni- 


1 Aerial photography was done to specification by ws Wil- 
liams Co., Photogrammetric Engineers, Fort Wayne, Indiana. 
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al nature, Saururus cernuus. Anacharis, Chara and 
Ceratophyllum were generally limited to deeper pools 
of slower current. Lemna minor was frequent in both 
streams, often in great abundance over the surface of 
slow-moving water and stranded on exposed sub- 
strate where the water had receded. In the Tippe- 


canoe, Spirodela polyrhiza had similar status. 





Fic. 7. Vallisneria americana plants washed up on a 
point bar in the Tippecanoe River by high water. This 
‘“tapegrass’’ is a submerged aquatic of Zone 1 (Figure 
8). 





1 AQUATIC 4 PERENNIAL FORB 
2 ZONE OF EMERGENCE 5 MARGINAL SMALL TREE ZONE 
2A ESSENTIALLY BARE 6 MARGINAL TALL TREE ZONE 
3 ANNUAL GRASS - 7 MATURE FLOOD-PLAIN STAND 
FORB - SEDGE 


Fig. 8. Idealized profile of physiognomic zonation in 
the riparian vegetation of the Tippecanoe and Wabash 
Rivers. 


The Water Margin and Backwater Pockets.— 
This hydrophytic site (correlating with zone 2, Fig. 
8) forms a zone of varying width, which is deter- 
mined by the extent of water level fluctuation, the 
velocity of the current, and nature of the substrate. 
The zone is best developed in the slack waters behind 
point bars and is often integrated with, or identical 
to, the vegetation of backwater pockets or sloughs. 
Backwater pockets are here considered as areas of 
varying size, continuous or discontinuous with the 
main stream, which contain water permanently or for 
the major part of the year. The vegetation of these 
areas is generally a colonial expression of one or more 
floating-leaved or emergent aquatic species. In the 
Tippecanoe, the most frequent species of this nature 
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are Sagittaria brevirostra, S. latifolia and Nuphar 
advena. For appreciable marginal vegetation to oc- 
cur, a water level of minimal fluctuation must exist 
for a sufficient portion of the frost-free season. 
These conditions generally do not oceur on the por- 
tion of the Wabash River considered in this study, 
with the result that, with one significant exception, 
such colonies or communities are of minor importance. 
The most nearly ubiquitous species of high fidelity 
to this site in both rivers is Dianthera americana. 
While it was found in scattered occurrence well up on 
bars or well into the stream channel it more often 
occurs as a band at about the mean water level. 
Dianthera occurred characteristically on marginal sub- 
strate of high gravel content where it had little or no 
competition from other species. In many areas of the 
Tippecanoe, along stretches of the shoreline which 
drop rather abruptly into deeper water, Hibiscus 
militaris and Cephalanthus occidentalis were frequent. 
Hibiscus often densely populated such sites, particu- 
larly in that portion of the river from the Tippe- 
eanoe State Park northward. Both Cephalanthus 
and Hibiseus, while well able to survive with roots 
continuously submerged, were also frequently found 
in mesophytiec communities. Typha latifolia and T. 
angustifolia oceurred infrequently along the immedi- 
ate stream margins but 7. angustifolia was common 
where the Tippecanoe widens above Lake Shafer and 
Lake Freeman. Sparganium eurycarpum and Nym- 
phea odorata were observed at only these two points 
in the river, and Alisma plantago-aquatica and Pon- 
were common there and absent or 
The two most abundant emergent 
aquatic species were Sagittaria brevirostra and S. 
latifolia which frequently formed extensive marginal 
colonies with various Cyperaceae in occasional associ- 
ation. Scirpus atrovirens, S. validus, Leersia ory- 
zoides and Phalaris arundinacea were the principal 
species occupying the water margins of the many 
small, grass-sedge-Rumex dominated islands of the 
Tippecanoe, and, with the exception of Scirpus 
ralidus, they were commonly the dominant species 
over the islands themselves. At many points along 
the upper Tippecanoe, flood-plain forest stands oc- 
curred scarcely a foot above the normal stream level. 
In such areas, the commonly sandy-silt banks grade 
abruptly into the stream channel. The forest floor 
vegetation of these extremely low flood-plain stands 
was often largely composed: of shade tolerant sedges 
and grasses which frequently extended to the water 
margin. The occurrence of any one of the sedge 
species, however, was highly variable. The only two 
plants consistently occupying such water margin sites 
were Eleocharis intermedia and Equisetum fluviatile. 
Eleocharis was also common at the extremities of 
sandy-silt bars throughout the Tippecanoe River. 
Water-margin vegetation is of highly variable oc- 
currence. While often visibly distinct in its physiog- 
nomy, it is frequently not well defined, lacking 
species of high fidelity, i.e., the true emergent aquatics. 
Insular and Point Bars.—For convenience, these 
substrates may be categorized as sand-silt, gravel- 


tederia cordata 


rare elsewhere. 
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Fig. 9. Alternation of point bars and cut-banks along 


the Wabash River, Vermillion County, Indiana. The top 
is upstream. At left, cultivated first bottom adjoins ecut- 
bank, with second bottom fields at far left. Figure 19 
shows a detail of this area. 


silt and mudflats. In the Tippecanoe the propor- 
tions of sand and silt were high; clay was the pre- 
dominant texture class in the “mud” of the Wabash. 
Gravel-silt bars are much more common in the 
Wabash. A mudflat on the Tippecanoe northeast of 
Buffalo contrasted in texture with one on the Wabash 
north of Lafayette. The former had 49.6% sand, 
36% silt, 14% clay, a M.E. of 24.6, and 2.4% organic 
matter. The respective values for the Wabash mud- 


flat sample was 7.6%, 38%, 54%, 20, and 2%. 
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The principal species on these insular and point 
bars, while varying in dominance, were common to the 
two streams. 

Cut-banks.—There is a paucity or total absence of 
vegetation on the eroding coneave banks of both the 
Tippeeanoe and Wabash rivers. On the actively 
eroding steep banks, any herbaceous vegetation is 
almost solely dependent upon new invasion each 
year. The plants most frequently found on these 
steeper banks Convolvulus sepium, Ipomea 
lacunosa and Vitis riparia. Oceasionally colonies of 
Equisetum arvense were observed as well as Ambrosia 
trifida. Helianthus sp., Salix interior, Platanus oc- 
cidentalis, Gleditsia triacanthos, Rhus glabra, and 
Cornus asperifolia occurred frequently as individuals 
Figure 9 shows cut-banks and 


were 


or in isolated groups. 
point bars from the air. 

Flood Plain Proper—-Wherever vegetation is 
undisturbed in the flood plain proper, mature forest 
stands terminate succession. Beeause of the high 
agricultural value of alluvial soils in this area, the 
once continuous flood-plain forest has been reduced 
to strips of varying width immediate to the river- 
banks, with only occasional stands extending over 
the bottomlands. The cleared land has often been 
left idle, as abandoned fields, areas along drainage 
ditches, fields temporarily uneultivated due to flood- 
ing, ete. The subseral communities which have then 
developed are of 5 principal types: first-year annual 
forbs; grass; grass—fall flowering perennial forbs; 
perennial forbs—tree seedlings; and tree saplings. 

Flood-plain Depressions and Troughs.—These are 
limited low areas below the general level of the flood 
plain proper, which have a high soil moisture both 
during the early growing season and for some time 
following flooding. Such habitats are frequently the 
result of a variety of filled-in drainage-ways in and 
bordering cultivated and abandoned fields. 

The communities which develop in these troughs 
and depressions are controlled primarily by the local 
fluctuations of the water table. They are typically of 
a limited sedge-meadow type, followed in succession 
by a grass-dominated community. On the Tippe- 
canoe, the most common species occupying these sites 
were Carex lupuliformis, Carex grayti, Cyperus stri- 
gosus, Cyperus ferruginescens, Bidens vulgata, and 
Polygonum pennsylvanicum. In similar sites on the 
Wabash, these and Cyperus erythrorhizos and C. 
esculentus were the most important herbs. Grasses 
most frequently observed in such areas on the Tippe- 
canoe were Setaria viridis, Leersia oryzoides and 
Panicum virgatum, and on the Wabash, S. viridis, P. 
virgatum and P. philadelphicum. 


ZON ATION SUCCESSION 

As Dansereau (1957) wrote, “Our first clue to 
the processes of seral movement is in the relative 
spatial positions of belts or zones, for a contact 
always makes a transition, an invasion, or a replace- 
ment possible.” Zonation in the flood-plain habitat 
is a clear and often striking phenomenon. Theoreti- 
cally, all such zones can be placed along a physio- 
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graphic gradient from the main stream channel to the 
most mesic site of the flood plain proper. One may 
thus envisage a gently sloping bank where each re- 
spective seral stage occurs in ascending order, with 
space usually representing time in the successional 
sequence. Both allogenic (physical processes) and 
autogenie (biotic processes) succession are involved. 

Riparian vegetation of both the Tippecanoe and 
Wabash rivers occurred over 8 clearly defined phys- 
iognomie zones. These were (Fig. 8): (1) the 
aquatic zone: submerged and floating leaved aquatics, 
(2) the zone of emergence: emergent aquatics, sedges 
and grasses, and/or (2A) a bar zone: the result of 
temporarily receding water level, (3) an annual grass- 
forb-sedge zone, (4) a perennial forb zone, (5) a 
marginal small tree zone, (6) a marginal tall tree 
zone, and (7) the flood-plain forest. However, banks 
with all these zones rarely if ever occur. Stream 
action, including water level fluctuations, commonly 
eliminates one or a number of the physiographic 
levels or zones. Physiographic variations, in turn, 
alter the edaphic conditions, ultimately increasing or 
decreasing the number or altering the types of seral 
communities which occur between invasion and the 
climax stand. The terminal vegetation of a given 
habitat is thus rarely if ever the result of one con- 
sistent seral pattern. These seral patterns vary, 
particularly in the early stages. An adjoining com- 
munity, then, is not always a directly precedent or 
subsequent seral stage. It is possible, however, 
through a series of observations over the range of 
physiographie conditions, to correlate stages and 
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Fig. 11. Idealized successional schema for the south- 
ern Wabash flood plain showing principal seral stages. 


ultimately determine the main or most frequent sere. 

Figures 10 and 11 present idealized sequences for 
the Tippecanoe River and the southern Wabash River, 
respectively. 

Tippecanoe River—The main seral communities 
on the Tippecanoe River (Fig. 10) are closely related 
to the evolution of the physiographic site upon which 
they occur and upon which they have a continual, 
altering influence. The intergrading associes begin 
with a pioneer annual grass-forb community, fol- 
lowed by a perennial grass-sedge stage, which, in 
turn, is progressively invaded by perennial forbs. 
Later, seedlings of Salix interior, S. nigra and Acer 
saccharinum (and above Buffalo, Indiana, Betula 
nigra), many of which first became established in the 
earliest seral stage, reach sapling and tree propor- 
tions, altering the composition of the tolerant her- 
baceous communities under them, and ultimately pro- 
ducing conditions which favored lowland perenuial 
woodland species. Eventually, the mature flood plain 
forest was attained. 

The pioneer communities of newly exposed areas 
(insular and point bars) in the Tippecanoe were of 
two kinds, depending primarily on the nature of the 
substrate. Briefly, gravel-silt substrates supported an 
annual grass-forb-sedge community, while the sub- 
strates high in silt were occupied by a grass-Poly- 
gonum-Rumex associes. 

A significant feature of these gravel-silt areas was 
the manner in which their surface dried. The fine 
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silt was commonly removed by wind or eventually 
washed from the gravel by rain, leaving a surface 
crust of gravel (Fig. 12) which appeared similar to 
the gravel mosaic in arid regions termed “desert 
pavement.” This was a common surface condition of 


all such gravel substrates in both rivers. 





of a river bar, 
The 
surface crust above the coin has kept its position although 
undermined. 


Fig. 12. Detail of gravel surface 
showing the tightly packed gravel mosaic surface. 


Often within a single associes, a subtle zonation of 
species density occurs. This is particularly true of 
the early stages on islands and bars. Figure 13 shows 
such species densities for an insular gravel bar above 
Tippecanoe State Park from 2 transects of 11 plots 
each. Such zonation in these annual communities 
may indicate germination tolerances to soil moisture, 
but zonation probably varies appreciably from year 
to year as the river subsides and substrates are ex- 
posed at a different time during the vear. Due to 
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heavy rains during the main period of the early suc- 
cession study (1957), water levels of both the Tippe- 
canoe and Wabash rivers remained above normal well 
into August. Thus, in many areas the pioneer an- 
nual communities were not observed until late 
August or September and so were immature. 

Rumex verticillatus, R. crispus, Polygonum penn- 
nsylvanicum, and Eragrostis pectinacea were the 
principal species of the pioneer associes typical of 
the silt “mud” substrates of the Tippecanoe. Frequent 
associates in this community were Rorippa sylvestris, 
Lindernia dubia var. major and Amaranthus graeci- 
Both of these pioneer annual grass-forb- 
associes were followed by a perennial grass- 
sedge stage. The significant species of this subse- 
quent associes were Leersia oryzoides, Phalaris arun- 
dinacea, Echinochloa walteri, Scirpus fluviatilis, Poly- 
gonum pennsylvanicum Rumex verticillatus, and 
Zizania aquatica. 

This perennial grass-sedge community is pro- 
gressively invaded by perennial forbs, chief among 
which was Asclepias incarnata, Eupatorium serotinum 
and Boehmeria cylindrica. Locally, Impatiens biflora 
was important. The following frequency percentages 
are based on two continuous quad transects totaling 
39 quadrats. These figures show the increasing im- 
portance of perennial forbs at this stage: Impatiens 
biflora 69%, Polygonum lapathifolium 53, Boehmeria 


20ans. 


sedge 


cylindrica 41, Asclepias incarnata 38, Acer sac- 
charinum (first year) 23, Hupatorium serotinum, 
Lycopus americanus, Mentha arvensis, Mimulus 


ringens, and Bidens vulgata 7, Scirpus fluviatilis, 
Scirpus atrovirens, Urtica dioica and Rumex verti- 
cillatus 5, and Sium suave 2. Phalaris arundinacea 
was abundant throughout the bar. At the downstream 
end of the island, which was also the highest portion, 
Salix interior, S. nigra, Acer saccharinum and Popu- 
lus deltoides had attained heights to 12 ft; the 
largest and most numerous of these was Salix interior. 
This area of the bar was developing into a Salix- 
Acer-Populus associes. 

Backwater-pocket succession is often a readily 
correlated sequence, especially when several such areas 
in different stages of development occur close together, 
as in Tippecanoe State Park. Theoretical successional 
stages begin with a Sagittaria-bordered “pocket.” In 
this sere, the grass-sedge stage and perennial forb 
stage (Fig. 8) are generally lacking, with early in- 
vasion of Salix and Acer saccharinum. But, where 
the backwater area is extensive and sedimentation is 
rapid, the resulting unshaded substrate often supports 
the grass-sedge and perennial forb communities be- 
fore the flood-plain forest encroaches. 

Secondary succession on the second bottom of the 
Tippecanoe was observed chiefly in the perennial 
forb stage. The following frequency figures are based 
on 20 quadrats randomly placed in an abandoned 
riverside pasture west of Lawton, Indiana, which well 
exemplified the perennial forb associes of the upper 
flood plain: Aster lateriflorus 60%, Solidago gigantea 
50, Lycopus americanus and Ozalis europea 30, 
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Polygonum virginianum, Lycopus rubellus, and 
Lobelia siphilitica 25, Solanum carolinense 20, Verno- 
nia missurica, Dracocephalum  virginianum, and 
Asclepias syriaca 15, Eupatorium maculatum, Ruellia 
strepens, Bidens vulgata, Verbena urticifolia, and 
Acer saccharinum (seedlings) 10, Helenium autum- 
nale, EHupatorium Vitis riparia, and 
Polygonum punctatum 5. 

Wabash River.—The principal seral pattern on 
the Wabash River is depicted in Figure 11, with the 
first stage predominantly an annual grass-Polygonum- 
Acnida community. 

At low water a mudflat borders the new (1943) 
island at Brown Street, Lafayette. The following 
frequency percentages are based on 20 quadrats ar- 
ranged in a transect from the water’s edge to the first 
zone of Salix interior: Echinochloa crusgalli and 
Polygonum pennsylvanicum 50%, Panicum philadel- 
phicum and Lycopus americanus 20, Rumex verti- 
cillatus and Rorippa sessiliflora 15, Acnida altissima, 
Bidens frondosa, Euphorbia maculata and Salix in- 
terior 10, Aster simplex var. interior, Datura Stramo- 
nium, Setaria viridis and Mollugo verticillata 5. 

The following data from a narrow mud-bank be- 
low the Williamsport bridge further exemplify the 
pioneer annual grass-Polygonum-Acnida  associes. 
The frequency percentages are based on two 6-quad 
transects running from the water's edge to a marginal 
small tree zone of Salix interior: Acnida altissima 
100%, Leucospora multifida and Nasturtium officinale 
83.3, Polygonum pennsylvanicum and Rorippa sessili- 
flora 66.6, Lindernia dubia var. major and Eclipta 
alba 50, Rumex crispus, Xanthium strumarium and 
Bidens cernua 33.3, and Lycopus americana and Salix 
interior (first year) 16.6. 

A pure stand of Ambrosia trifida, anomalous in its 
position only 2 ft above the average water level, oc- 
cupied a silt-mud flat 2 mi north of West Lafayette. 
Quadrats comprising 90 sq ft showed the density of 
this species was approximately 64,933 plants per 
acre. The height of all the ragweed was a rather 
uniform 21 ft aboveground and the stem diameters 
were 2.5 in, near the base. The normal location for 
a dense, tall ragweed stand is near the slope down 
from the second bottom, between the tree fringe and 
the cultivated crop. Development of the above stand 
was probably affected by sewage entering the river 
nearby. 

Old-field suecession on the Wabash River flood- 
plain is most common on cultivated fields temporarily 
abandoned due to flooding. The pioneer communities 
of such areas are primarily composed of various an- 
nual forbs and grass, as on a field a few miles east 
of Independence. Intermittent flooding throughout 
the spring and early summer of 1957 prevented the 
owner from plowing the field. The ruderal com- 
munity which developed, following recession of the 
water in late July, was typical of many such fields 
bordering this central area of the Wabash River. In 
late September, 30 random quadrats showed that 
Xanthium strumarium dominated the stand with a 


serotinum, 
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density of 2.6 per plot, and a frequency of 70%. 
Eleven other weedy forbs occurred, 7 with frequencies 
between 30 and 43%. 

Two miles from this field 
heavily codominated by Polygonum pennsylvanicum 
and Setaria viridis. 

If these fields were left to natural 
subsequent years would bring progressive invasion of 
perennial forbs and grasses. The brier stage, typical 
of the upland old-field seres in this area (Bush 1951), 
is generally lacking on alluvial sites. The transition 
from forb to tree rank involves a stage in which a 
dense community of fall-flowering perennial forbs 
and invading tree saplings develops. Once this level 
of community development is reached, a very severe 
flood is required to eradicate it. In such a stand on 
the central Wabash, the dominants were Ambrosia 
trifida, Helianthus tuberosus, and Rudbeckia triloba. 
Also noteworthy were Cornus asperifolia, Polygonum 
viridis, Solidago gigantea and 
mis- 


was a similar one 


succession. 


punctatum, Setaria 
Ulmus 
souriensis var. thyrsoides, A. pilosus, Heliopsis heli- 
anthoides and Juglans nigra (reprod.). 

Often in the Wabash River, especially in its 
southern portion, few if any herbaceous communities 
become established on the lowest bars and mudflats 
because of extremely late or too brief emergence of 
these substrates during the growing season. Any 
species perennial to such sites must survive frequent 
total submergence (Figs. 14, 15). Of the herbaceous 
plants, Dianthera americana (Fig. 16) is the only 
truly emergent perennial species consistently found on 
low sites, particularly gravel-silt bars. It is a pioneer 
invader, but often remains the terminal vegetation. 
At critical levels, Dianthera may tend to bind sub- 
strates and increase local deposition; however, this 
material is often removed as principal currents fluctu- 
Salix interior often shows 


americana, Acer saccharinum, Aster 


ate across the stream-bed. 
the same ephemeral nature, constantly invading and 
reinvading these briefly exposed substrates, but never 
actually becoming established. In areas where the 





Fig. 14. Rosette-form seedlings characteristic of moist 


silt polygons at very low water stage. Many of the 
smailer rosettes here are of Rorippa sessiliflora. 
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stream action favors censistent local deposition, the 
resulting substrate becomes exposed for consecutively 
longer periods. On these emerging substrates Salix 
interior and Salix nigra initiate seres “with a future.” 
While Salix interior was the most frequent pioneer 
species, there were many places on both rivers where 
Salix nigra and Populus deltoides were becoming 
established simultaneously with, or in the absence of, 
Salix interior. 





Lactuea, and 
Eclipta alba which have invaded the river channel. 


Fie. 15. Silt deposited on Urtiea, 





Fig. 16. Dianthera americana bordering the water’s 
edge on the Wabash. 


The leaves of young Salix interior were commonly 
infected by Melampsora abieti-capraearum (Tubeuf.), 
and showed a conspicuous orange mottling caused by 
the uredial stage. Dr. G. B. Cummins kindly identi- 
fied the rust. A structural variation was commonly 
noted in the first year developmental stages of Salix 
interior. This was the frequent rosette-form (Fig. 
17) in its development on exposed, open areas as 
compared with its growth in crowded populations or 
in a shaded situation and this is rleated to the effect 
of high light intensity. The same flattening is very 
striking in dry years in depauperate Amaranthus 
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graecizans, Cyperus inflexus and Echinochloa crus- 
galli invading broad exposed mudflats. In the grass, 
downward pressure is exerted by the prostrate 
branches; when the central attachment of an 8 in. 
rosette was cut, the radiating branches at onee forced 
the center up 4 in. aboveground. The amaranth and 
grass dwarfs are high in anthocyanin. 





Salix interior seedlings showing the low 
The 


Fig. 17. 
rosette form found on open, unshaded mudflats. 
laciniate leaf is unlike that of the mature plant. 


A curious growth modification of the staminate 
aments of Salix nigra (Fig. 18) developed when the 
twig, still attached to the leaning tree, became partly 
covered by wet alluvium. The bracts within the 
ament, which subtended the stamens, were abnormally 
large, conspicuous, green colored, and finely toothed 
at the margin, approaching the mature leaves in form 


and color, though far smaller. These green bracts 


lacked the usual dark tips, were sessile and nearly 
subulate, 4 or 5 mm long by 1 wide, and were ex- 
serted beyond the stamens, which mature pollen. 


The 


Fig. 18. Modified form of staminate ament of Salix 
nigra, caused by submergence of twigs of leaning trees in 
moist alluvium. The 3 erect, spike-like catkins range 
across the center of the photo from right to left in order 
of increasing age. 
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erect-growing catkin projected from the mud with 
effect of a miniature Lycopodium annotinum shoot. 

Due to the broad flood plain and frequency of high 
water in the older, southern Wabash, extensive banks 
of various physiographic levels may occur. 

Riparian zonation is apparently the vegetational 
response to a soil-moisture gradient which results 
from the seasonal and quite variable length of ex- 
posure of various portions of the bank as the water 
level recedes through the growing season. However, 
on the longest-exposed portion within a given area of 
the bank a greater development of the community in 
that area frequently occurs, giving an “extra” zonal 
pattern. This zonation within the same basic seral 
community results from simple variation in_ the 
degree of development of certain of the principal 
species. It occurs particularly in the composites 
which mature late in the growing season and is far 
more common than might be expected. 

Zones 5, 6 and 7 (Fig. 8) are clearly expressed 
throughout both rivers. This progression from the 
marginal small tree zone to the mature flood-plain 
stand, indicating the successional trend, is shown 
distinctly in Figure 19. Figure 20 indicates the sup- 
planting of black willow by silver maple as such a 
point bar is progressively built up. Frequently the 
only marginal vegetation is the small tree zone. 
Zones 1 through 4 are often missing because of re- 
newed cutting of the current into the bank or in- 
sufficient drop in the water level to allow these her- 
baceous communities to develop. This deletion may 
be temporary due to a single season’s high water, or 
it may be of indefinite duration, e.g., a section of bank 
undergoing an extended erosional cycle. The lack of 
a marginal herbaceous community shown in the Octo- 
ber photo of Figure 21 resulted from the continuance 
of high water throughout the major part of the grow- 
ing season. 

Occasionally, the marginal small tree zone (usually 
Salix) is absent, with zone 4 (perennial forbs) extend- 
ing to the edge of zone 6 or zone 7 as in cases where 
the water fluctuation is minimal and the flood plain 
proper is only 1 to3 ft above the normal stream level. 
Figure 22 shows a typical example of riparian zona- 
tion in the Tippecanoe River, in which zones 2 and 5 
are lacking. 

In all areas, transfer of dominance seemed to be 
generally related to a rise of the level of the sub- 
strate, which results in a more regular drainage and 
better soil aeration. In highly mineral substrates, 
the addition of organic matter also becomes a vital 
factor. 


DISCUSSION AND CONCLUSIONS 

The annual ruderal species which developed on 
inundated areas of the flood-plain habitat were gener- 
ally distinct throughout the considered length of both 
rivers. The fruits and seeds of these species were 
commonly found in debris seattered over flooded areas 
and in various samples taken from the water itself 
by seed traps. While the species composition of un- 
flooded oldfield communities in the flood-plain habitat 
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Fiag. 19. 


Banded vegetation on a point bar in the Wabash. 


The light trees with the limbs showing leafless 


are cottonwoods; a dark band of Salix nigra occurs on both sides of the cottonwoods, the willows on the land 


side in a broad trough. 
herbaceous zone. 


Shoreward of the black willow zone, the smaller crowns of Salix interior border the 
The mature forest along the edge of the second bottom (below) shows more hackberry and 


elm (dark) than the light-toned band of silver maple (left center) on the first bottom. 





Fig. 20. Seral evidence of lateral deposition of a 


point bar on the middle Wabash. Salix nigra, now most- 
ly dead, grew leaning phototropically toward the then 
adjacent river. Young Acer saccharinum later grew 
vertically, since the enlarging bar foreed the river far 
toward the right. 


is determined largely by invasion from surrounding 
vegetation, the uniformity of community development 
on flooded substrates suggests that the distribution 





Salix interior forms the marginal plant zone ; 
herbaceous marginal vegetation is absent here. 


Fig. 21. 


ot water-borne seeds is the principal determinant of 
composition on such sites. That variations in the 
deposited debris should result in variations of eom- 
munity composition is obvious. Such variation is 
largely controlled by the chance periodicity of high 
waters which collect seeds and other germules when 
and where they occur over the flooded area, The 
environment into which these seeds are deposited 
largely determines which migrating species shall ecize; 
and in the flood-plain habitat the number of these 
favored species is large. 

In the development of insular and marginal bar 
communities, alluvial deposition is basically an allog- 


enic factor, although such deposition may be ac- 
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Fig. 22. Typical narrow zones on relatively stable 
banks of the Tippecanoe. Zone 2A (of Fig. 8) at lower 
left, 3 in remainder of foreground, 4 above the right end 
of the log, to the silver maple branches of 6. 


celerated by the presence of plant communities. On 
the other hand, in backwater areas which become 
densely populated with various floating-leaved and 
emergent aquatics, the accumulation of organic litter 
is a significant autogenie process. Invariably, how- 
ever, and at all seral stages, both types of influence 
are involved. At different ages of the sere, one cause 
of change may far outweigh the other. Generally, 
allogenie factors of succession in this habitat are of 
greatest significance in early development, with autog- 
enie factors becoming increasingly important in the 
later stages. 

“The causes that produce successive waves of 
populations are migration, ecesis, aggregation, com- 
petition, and reaction,” wrote Weaver & Clements 
(1938). The importance of aggregation and competi- 
tion in the early herbaceous stages of bar and island 
vegetation is minimal. This is true of perennials 
as well as annuals due to their general removal each 
year by high waters, which depends on the severity 
(duration, depth and force) of the flooding. Thus, on 
exposed bars and mudflats, annual forbs and grasses 
form transitory communities whose reaction serves 
to raise the general level of their substrates by slow- 
ing the current and thus promoting deposition: How- 





ever, this is only possible when the deposited material 
colleets in such a manner that the result is an emer- 
gent substrate of some duration. The major role of 
the ephemeral pioneer commun:ties is in soil genesis 
by means of deposition. This function, however, is 
precarious. There are striking examples of destrue- 
tive scouring at one bar or island, and deposition at 
another, even when both are established with Acer 
saccharinum, Salix and herbaceous perennials. Vege- 
tative cover does retard the removal of a bar or island 
once it is established, and when marginal cover is 
extensive enough along any stream channel it may go 
far toward governing the pattern of stream flow and 
action. However, in general, the fate of tiose plant 
communities which make up the early stages of sue- 
cession on bars and islands is in the charge of stream 
dynamics. Also, in terms of flood control, the vegeta- 
tion of the upland run-off areas of the drainage 
basin is of far greater importance than the insular 
and marginal communities. 

Since it is the earlier seral communities which are 
most affected by floods, the following section on flood 
effects precedes consideration of the more advanced 
plant communities. 


SPECIFIC EFFECTS OF FLOODING 
RapIAL INCREMENT OF SILVER MAPLE 
UNDER FLOODING 

Very heavy rainfall occurred during the week of 
June 8-14, 1958, over the entire Wabash drainage 
basin. The heaviest rains were concentrated in the 
upper reaches of the Wabash system, e.g., Monti- 
cello reported 10.39 in. for the week. Many sections 
of the Marion area had up to 12 in. 

At Lafayette, the Wabash River reached flood 
stage on June 9 and crested on June 14, at 26.2 ft. 
This level has been exceeded only during the floods of 
May, 1943 (28.4 ft), and March, 1913 (32.9 ft). 
The river stayed above the official flood stage (11 ft) 
continuously for 15 days. It dropped below flood 
stage June 24, but more rain brought it up to just 
above flood stage on June 26. It finally fell below 
flood stage June 27. Flood stage is the level fixed 
by engineers at which the flood begins to cause ap- 
preciable property damage; even well below flood 
stage the tree bases on the first bottom are covered. 

A Fritts dendrograph (Fritts & Fritts 1955) was 
set up on a silver maple (Acer saccharinum) of 17 
in. d.b.h. on June 26. This tree was in a large flooded 
depression of the flood plain at Lafayette which was 
eut off from the river by a natural levee. This tree 
had, consequently, been in water since June 9. The 
water had receded by July 3 but the soil was still 
saturated to the surface. 

A 13 day record of the radial increment was ob- 
tained for this silver maple tree., Radial increments 
of .0006, .0005, .0021, .0018, .0008, and .0021 in. oe- 
curred during the first 6 days of the study, ending 
July 4. The average daily increment during this 
period when the tree stood in water was .0011 in. 
The radial increments of the tree during the re- 
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maining 7 days of the study were .0015, .0021, .0024, 
0018, .0037, and .0020 in., giving an average daily 
increment of .0026 in. 

Prior to July 1, the peak pen trace was reached 
near 3:00 A.M., with the exception of one day. On 
every day, the peak was followed by a plateau, after 
which a slight shrinkage occurred at about 1:00 P.M. 
The pen trace then began to climb at about 7:00 P.M. 
After July 4, however, the 3:00 A.M. peak was 
followed by a plateau which was followed by another 
peak during the afternoons (on July 5 and 6). No 
second peak occurred on July 7 and 8, and the plateau 
continued throughout the afternoon. 

It was concluded that shrinkage in trunk radius 
which occurred during the afternoons prior to June 
4 was caused by rapid transpiration at that time. 
Apparently, transpiration exceeded water absorption, 
resulting in a tension on the conducting elements. 
After July 4, not only was the pen trace generally 
higher, but there was no shrinkage during the after- 
noon. These situations probably resulted, at least in 
part, from increased root activity both in respiration 
and water uptake. Increased soil aeration following 
the recession of the flood water was probably immedi- 
ate cause for this response. The fact that there 
was a second peak in the pen trace on July 5 and 6 
might be accounted for in the weather conditions on 
those days. It rained on July 5, and on July 6, the 
sky was overeast, which decreased transpiration. The 
decreased tension on the conducting elements of the 
xylem resulted in a return to normal size. 

Thus, there was radial stem growth on all the days 
when the roots were surrounded by saturated soil, 
even after this condition had lasted for one month at 
the height of the growing season. Even with satu- 
rated soil, growth more than doubled after reces- 
sion of the surface water increased oxygen diffusion to 
the roots; this indicates that oxygen deficiency or 
other unfavorable condition at the roots had depressed 
trunk growth. 

There was no indieation of damage to high un- 
flooded leaves or stems in this or other mature 
trees, but all leaves that had been beneath the flood 
waters were killed, whether on lower trunk shoots or 
on flooded saplings. This long-lasting flood at the 
crucial season brought out the marked ability of the 
various first bottom trees not only to survive low 
oxygen tension around their roots, but even to put 
on moderate radial increment under flood conditions. 
Bonck & Penfound (1944) found that twigs of 
several tree species maintained good axial growth 
during floods near New Orleans. 


SUBMERGING EXPERIMENTS WITH 
ACER SPP. SEEDLINGS 
Effects of complete submergence of from 1-8 weeks 
were studied in the greenhouse in May-July, 1960, 
using 175 second-year seedlings of Acer saccharinum, 
A. rubrum, and A. rubrum var. drummondii which 
had been collected from nature by Mrs. Anne V. Petty 
a few weeks after germination the previous year. A 
conerete tank, exposed to daylight only, contained 65 
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cu ft of water at 75° F. The water, which contained 
0.1 ppm residual chlorine at the tap, was changed 
weekly to reduce diatom accumulation. From the 
leaves of a third of the seedlings the diatom film was 
removed by hand while submerged. At weekly in- 
tervals several plants of each kind were removed to 
a bench, and left in air until August 8. 

While the controls on the bench continued vigorous 
growth, submerged plants ceased shoot elongation and 
young leaf enlargement. Despite a diatom deposit 
on all uncleaned seedlings about 1 mm thick (after 
drying) during the second month, only one of the 
175 seedlings, an Acer rubrum, died. Hosner (1958) 
found that 3-in. tall (first year) silver maple seedlings 
survived only 2 days submergence. 

Our Drummond maple seedlings proved the least 
susceptible; silver and red maple suffered equally, 
but still remarkably little, even with the light redue- 
tion caused by the diatom film. Neecrotie leaf edges 
and lobe-tips were found on August 8, several termi- 
nal buds were dead, and in one red and one silver 
maple about 1.5 in. of the new stem apex was killed. 
But the seedlings had vigorously resumed elongation 
and leaf enlargement after emergence, so that they 
surpassed the controls in average height and vigor on 
August 8. No seedling submerged 8 weeks died or 
lost a substantial number of leaves, but circumstances 
dictated an end of the test. Maple leaves submerge: 
by Wabash floods sueeumb in much less time; per- 
haps this is related to the opacity of the muddy 
water. During winter when the seedlings were still 
leafy but not growing apically, Mrs. Petty submerged 
the 3 above maple taxa and Acer nigrum for 40 days, 
using 24 seedlings of each of the 4 taxa. The majority 
of the A. nigrum seedlings lost all their leaves in 21 
days; this did not happen to the other taxa in the 
40 days of the test. The first (lower) leaf fell after 
14 days submergence in the majority of the black 
maple, 30 days in silver, 35 in red, and 37 in Drum- 
mond’s. Thus, these plants in the greenhouse in 
winter were defoliated much more readily than those 
we tested in the growth period. All individuals were 
alive when removed on the 40th day, but about half of 
the A. nigrum were dead soon after and only 2 of the 
surviving ones had broken dormancy by the following 
August. All individuals of the other taxa survived 
and broke dormaney the spring after the test. 

The order of susceptibility to submergence, then, 
corresponds with the elevational position of the 
species above the water level in nature, to be dis- 
cussed later. 


DAMAGE BY HiGH WATER 

The fact that the major flood season is in winter 
and early spring when plant life is largely dormant, 
or at least in a nonreproductive stage, largely ex- 
plains the tolerance of many plants to flood plain 
conditions. Evidence was provided by the June 1958 
flood, which caused the death of at least aerial shoots 
of herbs and vines (Rhus radicans), and of many 
entire seedlings and saplings of tree species small 
enough to have been completely submerged. Young 
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Celtis occidentalis of this size was generally killed 
completely, as was ali Sambucus canadensis on the 
first bottom. Young American elm was less suscepti- 
ble, but lost at least all younger branch tips which 
were submerged. Flooded silver maple leaves died, 
but twigs proved quite resistant. The underground 
parts of Laportea often survived, but the plants only 
reached half their normal stature that season. The 
shaded ground under most silver maple-cottonwood 
stands remained practically bare for the remainder 
of the season. 

Brief flooding combines the action of woody flot- 
sam with water to cause mechanical injury to herbs 
by lodging, killing or removing leaves, or covering 
the prostrate plant with debris and silt. On cut banks, 
rapid erosion undermines and topples trees of any 
size. Where erosion proceeded slowly, some old elms 
have sheathed the steeply sloping bank with a dense 
network of exposed living roots, mostly several inches 
in diameter, which protect both the tree and the bank 
effectively. Even large trees may survive partial un- 
dermining if supported by a stilt-like root system, as 
shown in Figure 23, where the artificial changing of 
the Wabash course terminated stream erosion. 


Partially undermined Quercus macrocarpa 
with stout, stilt-like roots. 


Fig. 23. 


Stands of Salix interior well exposed to rushing 
floodwater exhibit (Fig. 24) chronic deformation 
which suggests wind-training effects, and may be 
termed a “flood-trained” form. 

On both rivers, flood waters may sweep down well 
defined overflow troughs on the first bottom, and sup- 
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Chronie deformation of Salix interior by 
flood training, without bark abrasion. 


Fig. 24. 


press vegetation so that little more than sparse 
grasses (Glyceria, Leersia) and Pilea are found there. 
Wabash flood-flow troughs often simulate abandoned 
canals in their regularity, the natural levee suggesting 
a towpath, but commonly occur on the side of the 
river where no canal has existed. The trough may 
be lined on both sides by large old silver maples, so 
that it relatively durable physiographic 
feature of the flood plain. Similar troughs are less 
common on the second bottom where occasional flow- 
ing or standing water diversifies natural succession or 


seems a 


harms crop plants. 

Survival in the flood plain habitat should be con- 
sidered from the standpoints of survival of the indi- 
vidual and survival of the species. The occurrence of 
many perennial forbs, as well as annuals, is due to 
reseeding each year rather than to renewed growth 
This is true in the many 


from perennating buds. 
in erosion of the 


areas where annual floods 
substrate and consequent removal of most over-winter- 
ing organs of herbaceous species, with the exception 
of the more densely intertwined and matted root 
systems. Thus, abundant seed production is a princi- 
pal species-survival mechanism, provided such seeds 
are little subject to damage by water. While sur- 
vival of the species is of primary significance in 
terms of the vegetation, in terms of island and bar 
establishment and stabilization of all alluvial sub- 
strates, the life span of the individual is important. 
When survival in the flood-plain habitat is con- 
sidered in terms of the individual, the environmental 


result 
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stress under which this vegetation develops is ap- 
preciated. 

The formation of adventitious roots is a typical 
response of certain flood-plain species to extended sub- 
mergence. This is particularly noticeable in Salix 
interior (Fig. 25) and Salix nigra in the southern 
Wabash where flood levels are commonly maintained 
for two or more weeks. Root sprouting in Salix 
interior was common on both rivers. It also occurs 
in certain herbaceous species as a form of layering 
resulting from the bending force of the current. Of 
equal importance is the ability to produce adventitious 
stems. 





Fig. 25. Adventitious roots produced by Salix interior 


The cut at the lower end (left) was made 
Meter stick gives the seale. 


during a flood. 
3 ft aboveground. 


Occasionally during a normal growing season, as 
seeds germinate on the alluvium and the water level 
recedes farther, where too much water had been the 
critical factor, the new seedlings must now cope with 
drought. This is particularly true of sand and 
gravelly substrates and the more mineral soils char- 
acterized by rapid drainage. The often-times rapid 
drop in the level of soil moisture coupled with the 
extremely high light intensity and resulting heat 
conduction common in this habitat frequently results 
in a mid- and late-summer surface environment which 
proves too xeric for the survival of shallow-rooted 
seedlings. 

As any given portion of the substrate matures it 
gains in organic material, which results in greater 
water retention. Where a clump of vigorous plants 
occurred within a stand of stunted or dying indi- 
viduals, soil analysis frequently revealed a greater 
organic content, the result perhaps of an earlier 
depression in which leaves and other debris collected 
before being covered over by deposition. 

The damage to crops by the summer flood of 1958 
was officially estimated at approximately $1,000,000. 
In 1957 a flood destroyed the crop plant seeds or 
seedlings. Most farmers then replanted the flood 
plain, after which another flood destroyed the second 
planting. Corn and soybeans, the important crops on 
Indiana second bottoms, suffer most. Complete crop 
failures in successive years are unusual. [Flood plain 
farming is considered worthwhile if the farmer aver- 
ages two crops from three plantings.) 


DAMAGE BY FLOOD-BoRNE ICE 
Following the third worst flood of record in June, 
1958, the spring of 1959 brought the fourth worst. 
Of the 103 days from Jan. 22 through May 4, the 
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Wabash was above flood stage at Lafayette for 41 
days, and it never fell as much as 6 ft below flood 
stage there during this period. The 25.3 ft crest 
at Lafayete was reached on February 12. At that 
time a jam of ice cakes filled a 13 mi length of the 
Wabash between Logansport and Delphi. The aerial 
view in Figure 26 shows that the bank fringe of 
trees (chiefly silver maples) kept the ice concentrated 
in the main channel. This formed a serious potential 
threat to downstream bridges, but the ice broke out 
in sections. The moving floes damaged houses and 
farm buildings on the second bottom at Georgetown, 
induced flood plain farmers to sell out, and inflicted 
the worst ice damage to flood plain and island vege- 
tation seen on the Wabash. Much of the ice was held 
above a bridge at Lafayette to form a_high-piled 
jumble of ice cakes; the numerous remains of large 
trees jutting above the pack testified to the extent of 
riverside damage. 

On March 18, an isolated ice cake on a bare corn- 
field at Americus was still 26 ft across and 2.5 ft 
thick. On that date, massive mounds of such ice 
cakes were photographed near Georgetown and Del- 
phi, where the floodwaters had piled them high on 
the banks at the river bends (Fig. 27) and on the 
upstream ends of islands, with much devastation of 
Even as late as April 3, small remnants 
of the ice remained, and at the heads of islands the 
vegetation had suffered severely. After the flood 
receded, a conspicuous horizontal line of bark re- 
moval and limb breakage could be traced in the river- 
side stands, at nearly the flood crest height, far down 
the river. 

Tree bark had been bruised, abraded away on the 
upstream or outer side, stripped lengthwise when the 
tree was lodged over beneath the ice floe, or completely 
peeled off, girdling the trunk. Limbs and trunks had 
been sheared, twisted, or beaten through, though not 
often in tree trunks more than 15 in d.b.h. Trees 
larger than this were generally pushed over without 
severing the main trunks, with uprooting, and up- 
lifting of large masses of earth with the root systems 
(Fig. 28). Full dislodgement of the uprooted tree 
and its removal by the flood sometimes followed. 
Salix interior suffered more on the heads of islands, 
where grounding ice cakes piled several deep, than on 
bars and low shores where the cakes passed over in 
single thickness without disturbing the soil much. 
Action of ice accompanying more usual stream levels 
damages the low-growing Salix interior so chronically 
that this is a highly unstable woody plant community. 

The plowing and grinding over the channel banks, 
bars, and island shores injured and removed roots 
and rhizomes of emergent aquatics, although low 
elevation species like Dianthera americana were farge- 
ly below the zone of ice damage. Woody material, 
deposited as thick masses of debris mixed with earth, 
smothered the plants beneath, and during the later 
fioods promoted sedimentation which tended to up- 
build and level the chaotie shores. 


tree stands. 
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Fig. 26. Airphoto looking downstream 


between Logansport and Delphi, Feb. 12, 1959. 


The fringe of 


trees occurs on the narrow first bottom and on the slope up to the edge of the cultivated second bottom. Ice 


is here practically confined within the rows of riverside trees. 


In June, damaged stands were recovering, with 
leveled and slanting trees of Salix interior, which 
had borne the brunt, profusely leafed out. The island 
of Figure 28 was rephotographed, for comparison, 
during the second growing season after the flood 
(Fig. 29). 

Large scars from ice abrasion of silver maple 
trunks, noted in 1956 along an eroding vertical bank 
on a Tippecanoe island, were then healing over. 
Even the heads of islands on this river are seldom 
subject to severe damage compared with that on the 
much larger Wabash River. A Tippecanoe island in 
Figure 1 gives little evidence that upstream is to the 
right; only a large dislodged sycamore shows that this 
is the old eroding end of the island, in contrast to the 
recently deposited downstream tip where low willows 
have become established. A Tippecanoe island pro- 
vides a much more stable and permanent support for 
vegetation than one of equal area on the Wabash. 

Prior to the ice action of the 1959 flood, the 
upstream first bottom silver maples on the large 
Wabash island at 40° 27’ Lat. showed the effects of 
periodic ice battering over many years, with vigorous 
regenerative recovery. The crown of dense, fast- 
growing shoots from shorn stumps gave a pollarded 








Wm. A. Oates photo. 





Fig. 27. Ice cakes piled along the bank at a bend of 


the Wabash, and ice damage to woody plants. Photo- 


graphed March 18, 1959. 


effect; new growth had partially repaired drastic de- 
formations, trees left leaning or prostrate had sent 
up new erect trunks, and whenever the root system 
remained underground it gave rise to persistent shoot 
regeneration. 
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Pie 

Fig. 28. Large trees of cottonwood, willow, and syea- 
more damaged by ice jam, some uprooted with earth, on 
a narrow island in the Wabash above Georgetown bridge. 
Photo April 3, 1959. (ef. Fig. 29) 


THE FOREST STANDS 
METHODS 

The sampling methods were selected for suitability 
to the differing degrees of intensiveness required, to 
the long, narrow shape of certain stands, and to the 
life forms of the dominants. For rapid, less pre- 
cise surveys of any life form, layer, or successional 
stage, a new concept of “stratum rank” was intro- 
duced and used. 

Fifty-six flood plain tree stands (Fig. 30), rang- 
ing from the Salix interior stage to practically climax 
Fagus-Acer, were analyzed in detail, largely by 
methods which allowed statistical determination of 
sampling adequacy. A characteristic of most flood- 
plain stands which made possible unusually low stand- 
ard errors is the paucity of dominant species and the 
resulting high importance percentage of each. This 
counteracts the effect on confidence of the small size 
of some stands. 

A symbolic system (Lindsey 1956) is used as sum- 
marized in Table 3. Definitions of the terms used in 
the formulae (which in turn define the vegetational 
attributes) follow: 

N_ no. of individuals of a species in all areal plots or at all 
points. 
N; total no. of individuals of all species in all areal plots or 
at all points. 

N, no. of individuals of a given size-class of a species at all 
points. 

n no. of areal plots or points. 

no. of areal plots in which a given species occurs. 

a area of one of the areal plots in square feet. 

b sum of basal areas of a species in all areal plots. 

bt total basal areas for all species collectively in all areal 
plots. 

F, total of F; frequency figures for all species. 

k 10divided by the basal area of a trunk having the median 
diameter (in inches) of the one size-class being con- 
sidered. 

(Note: b, bi, Be, By and the basal area used to obtain k, 

are all in square feet.) 


5 
o 


Methods are given in order of their decreasing 
precision and suitability for intensive, detailed stud- 
ies. 

A complete tree census was made in the most 
nearly climax stand observed—an oldgrowth beech- 
maple forest. 
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l as in Fig. 28, during the second 





Fig. 29. Same islanc¢ 
growing season following ice damage (August 11, 1960 


show ifig partial recovery. 


The fifth-acre strip was used in many stands to 
obtain density, basal area, and frequency. The field 
efficiency of this method proved high compared with 
8 other forest sampling techniques (Lindsey, Barton 
& Miles 1958). While by no means limited to nar- 
stands (e.g., river banks, natural levees, and 
slough-margins) it is the most suitable method for 
sampling such linear communities. For comparisons 
within the group of linear stands only, where trees 
may occur in practically single file, a concept termed 


row 


“maximal stand” was applied. 

It is obviously inappropriate to compare a river- 
bank alignment of where shading and 
other competitive relations are lacking on at least 
the water side, with trees inside dense stands, on the 
basis of absolute attributes such as density per acre, 
basal areas per acre, or cover per acre. By standard- 
izing on a fifth-acre strip (400 ft by 21.8 ft), with 
unsurveyed boundaries but with a surveyed center 
line marked by steel tape, any data from one maxi- 
mal stand are comparable with those from any other 
maximal stand. Where trees are actually in a single 
file, the tape is laid close to the trunk bases at the 
same side of each. But with the usual less regular 
spacing, the tape is laid down generally straight and 
along that line that will maximize the numerical ex- 
pressions obtained. “Generally straight” means that 
the tape is not allowed to run out of the stand 
sidewise when the whole stand curves to follow river 
bends, but it is not placed crookedly to get every 
large stem within the strip. 

While absolute values cannot be compared between 
results obtained by ordinary versus maximal sampling, 
relative (or percent of vegetation) values such as Da, 
B; or importance percentage V3 may be so compared. 

Ordinary, non-linear stands of trees were sampled 
by cither the full Bitterlich (variable plot-radius) or 
the fifth-acre strip method. In the former, both B 
and ID attributes were obtained, but standard errors 
were determined only on the basal areas, since density 
in the Bitterlich method does not properly Jend it- 
self to this computation. In the series formed by 
listing for each stand a percent standard error for its 
most dominant species, the median stand had 10%, 
and 2 stands had 3%. Thus sampling errors were 
unusually low for forest ecology work. Much of this 
type of work is carried out by rapid survey methods 
which do not permit standard error determination, 


large stems, 
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but one of our aims was to obtain accurate charac- 
terization of the individual stands for detailed anal- 
ysis and tabulation. 

The use of different methods in sampling was 
proper, since none of these methods is biased. When 
the Bitterlich method was used, computation of D; 
(Table 3) was facilitated by the use of data in Table 
4, which gives the contribution of each individual 
tree toward ihe density per azre of its size class of its 
species. In sampling, so that this table may later be 
used, the number of points used should be a multiple 
of 5. Multiplying the number from the body of the 
table, in the column for number of points used and 
in the row tor the size class, by the number (N,) of 
individuals of the species in the given size class at all 
points yields the density per acre (D;) for this one 
size class of this species. For example, if 45 points 
were used in the stand, and 29 red maples in the “14 
in.” size class were tallied at all the points, the density 
for red maples 12-15.9 in. d.b.h. would be 4.16 trees 
per acre. 

One method of using the data obtained by the 
abuve methods was a graphical one similar to the 
coutinuum index method of the Wisconsin group 
(Brown & Curtis 1952). However, for the edaphi- 
cally controlled vegetation of flood plains, where 
height above the mean water level reflects the tol- 
erance of, or susceptibility to, proloaged flooding, 
we substituted for their climax adaptation number a 
number indicating suffocation susceptibility. Also, we 
omitted frequency from the computation of im- 
portance, so that (D; + Bz) /2 yielded importance 
percentage (V3). The more common trees exceeding 
4 in. d.b.h. are listed below with the flood susceptibility 
numbers assigned them from the elevation figures 
and after 4 seasons’ general observations. The initials 
designate the species in the graph in a later section. 
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Ag Aesculus glabra (buckeye) 
Cb Catalpa bignonioides (common catalpa) 
Ur Ulmus racemosa (cork elm) 
Ma Morus alba var. tatarica (Russian mulberry) 
Vs_ Vitis spp. 

8. Jn Juglans nigra (walnut) 
Ce Cercis canadensis (redbud) 
Ur Ulmus rubra (red elm) 
Fa Frazxinus americana (white ash) 
Fq_ F. quadrangulata (blue ash) 
Cl Carya laciniosa (bigleaf shagbark) 
Qf Quercus falcata (southern red oak) 

9. Ta Tilia americana (basswood) 
Qbs Quercus rubra and Q. shumardii (red and Shumard 

oaks) 
Cr Carya cordiformis (bitternut hickory) 
Ct  C. tomentosa (mockernut) 
Cv C. ovata (shagbark hickory) 
Dv Diospyros virginiana (persimmon) 
Cs Crataegus spp. (hawthorn) 
10. Fg Fagus grandifolia (beech) 


Ans Acer nigrum and A. saccharum (black and sugar 
maples) 


Qs Quercus stellata (post oak) 
Qa Q. alba (white oak) 
Ps Prunus serotina (wild black cherry) 


The flood susceptibility continuum index for a 
stand is the sum, for all the species present, of the 
product of importance percentage (maximum, 100) 
times flood susceptibility number (maximum, 10) for 
each species. The maximum possible index is 1000. 
In a pure stand of Acer saccharinum (flood suscepti- 
bility no. 5), the importance percentage is 100 and 
the stand continuun: index is 500. The curve (Fig. 
31) for a given species was smoothed by the running 


TABLE 3. 
circle, or strip) Method. 
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averages method (Brown & Curtis 1952) applied to 
the importance percentages. Aside from the behavior 
of species as shown by their curves, the flood suscepti- 
bility continuum index is a significant expression for 
the stand as a whole; this value is given in stand 
descriptions below to show the relative position of 
each stand along the gradient. 

In either ordinary strip or maximal sampling, re- 
production size trees (less than 4 in. d.b.h.) were 
counted, or, if too numerous estimated, and recorded 
in each 50 ft interval along the strip; this interval 
is a one-fortieth acre quadrat. Reproduction was 
tallied by species in the following size classes: less 
than 3 ft tall; 3 ft to 10 ft tall; more than 10 ft tall 
but less than 1 in. d.b.h., 1-2 in., 2-3 in., and 3-4 in. 
d.b.h. Shrubs were recorded in the same way. 

The following methods were not applied to mature 
trees in the 56 stands studied in detail. 

A crude survey method ealled “offshore census” 
produced rough estimates, of only relative density, 
for riverside trees over 4 in. d.b.h. (estimated) stand- 
ing within 10 ft of a bank edge and contributing to 
the wall of foliage bordering the stream. The trees 
were tallied by species while the observer, often 
using binoculars, rapidly drifted or slowly motored 
downstream about 40 ft offshore in a boat. Mostly 
along the Tippecanoe River, 4,775 trees were tallied 
in this way. 

Line transects were used in several places from the 


Vegetational attributes and their relationships in the Bitterlich Method and areal Quadrat (square, 
See text for definitions of terms used in the formulae. 
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TABLE 4, Contribution of each tallied tree of its size class and species toward D,; (size class density per acre), 
in the Bitterlich method. To compute D;, multiply the appropriate figure from this table by the number (N,) of 
trees (for the given size class) of that species at all points used in the stand. 











Size | 

class 

median, |—-——-— — ,—-—--—- =| 

inches} 10 15 a | ss 
6 | 5.094 3.306 | 2.547 | 2.038 | 1.698 
10 | 1.834 | 1.222 .9168 .7334 .6112 
14 | .9355 6236 4677 3742 | .3118 | 
18 | .5659 .3773 .28295 | .2264 | .1886 | 
22 .3788 2525 1894 | .1515 | .1263 
26 | .2712 1808 | .1356 | .1085 | .0904 | 
30 | .2037 .1358 1019 | .08149 | .0679 | 
34 . 1586 .1057 .0793 | .06344 | .05287 | 
38 | .1270 08465 | .06349 | .05079 | .04232 | 
42 .1039 .06929 | .05197 | .04158 | .03465 | 
46 | .0866 05777 | .04332 | 03466 | 02888 | 
50 | .0764 .04889 | .03667 | .02934 | .02445 | 
54 | .06288 | .04192 | .03144 | .02515 | .02096 | 

.02725 | .02180 | .01817 | 


58 | .05450 .03633 | 


NuMBER OF Points Usep IN SAMPLING THE STAND 


| 1.455 


35 40 | 45 50 55 60 
SES SS Sree peewee Leena LEAR! |e eee ee nae oe eee OY 
1.274 | 1.132 | 1.019 | .9262 | .8490 
5239 4584 | .4074 .3667 | .3334 | .3056 
2673 .2339 | .2079 -I8S71 | .1701 | .1559 
1617 1415 1258 1132 | .1029 | .943 
1082 0947 0842 0758 | .06887 | 06314 
0775 06781 | .06027! .05424 | .04931 | .0452 
0521 05093 | .04527 .04074 | .03704 | .03395 
04532 03965 | .03525 | .03172 | .02884 | .02643 
.03628 | .03174 | .02822 | .02539 | .02309 | 02116 
0297 | .02598 | .0231 02079 | .0189 | .01732 
02476 | .02166 | .01926 | .01733 | .01575 | .01444 
.02095 | .01833 | .01630 | .01467 | .01333 | .01222 
01796 01572 | .01397 | .01258 | .01143 | .01048 
.01557 | .01363 | .01211 | .0109 | .009909 | .009083 


| 4 | 





water’s edge up through early tree stages of suc- 
cession. 

Stratum rank.—The reason for introducing this 
new expression for use in rapid surveys and extensive 
studies follows from a consideration of problems of 
ecological sampling. The worker who attempts to 
confirm his sampling adequacy by statistical methods 
soon realizes the extreme variability within many 
natural communities as has been brought out in much 
recent writing. For example, Cottam, Curtis & Hale 
(1953) demonstrated that even with random dispersal 
the amount of variability requires higher sampling 
intensity than generally applied. They pointed out 
that, plants being seldom randomly dispersed, vari- 
ability is still further increased. Lindsey, Barton & 
Miles (1958) studied a single undisturbed 20 acre 
forest thoroughly by means of map sampling; by 
plotting standard errors for various species at dif- 
ferent sampling intensities by several quadrat 
methods, they showed that even the most common 
species seldom gave satisfactory standard errors with 
the combinations of plot numbers and sizes customari- 
ly used. For example, Nyssa sylvatica, the fifth most 
common of 22 species (Dz 5.3), required 120 fortieth- 
acre square plots (10 x 10 m) to reduce the standard 
error for basal area to 20%, and 100 such plots for 
a 17% error for density. Tree reproduction, shrubs, 
and especially forest herbs, usually extremely non- 
random in dispersal, are practically impossible to 
sample adequately by objective methods in the time 
the worker can afford in a general study. Some 
workers record only species presence in the stand, 
others continue to use quadrats for the herb stratum 
but determine only the easiest plot-derived attribute, 
frequency. These expedients reveal a recognition 
that broad observation may be better than applying 
objective sampling techniques in far lower intensity 
than would be needed to justify their use. 

Stratum rank is a subjective estimate of the re- 
lative prominence of a given species within its own 


stratum only, expressed on an unequal 1-9 scale of 
increasing rank. It is not based on counts or meas- 
urements and requires no surveying of areal boun- 
daries. The concept is not intended for detailed 
studies, but may give sufficient information when a 
particular layer of a stand, or an entire stand, is of 
secondary or incidental interest for the purpose at 
hand. In terms of traditional attributes, the visual 
effect of interaction of the total numbers and total 
cover of a species determines the stratum rank num- 
ber assigned it. Stratum rank thus is intended to 
serve as a rough estimate of influence in reaction and 
coaction. 

Although stratum rank is based on the general 
impression obtained while walking through the major 
portions of a stand (or while sampling a higher 
stratum there), persons trained in the method show 
remarkable agreement among themselves in the as- 
signed estimates. After four seasons of experience 
with the method, we consider that its results for the 
variable lower layer species are at least as reproduci- 
ble as quadrat results which would require far more 
time and work to obtain. A disadvantage is that the 
assignment of the numbers from 4 through 6 should 
be learned from someone experienced with the 
method, and, therefore, workers without the empirical 
background may be at some loss to interpret these 
numbers in written reports. However, it has been 
very useful among the members of our research group 
as a relative expression among species, and may prove 
of value to others, primarily for intra-study rather 
than inter-study comparisons. Stratum rank was 
routinely recorded for species punch cards of lower 
strata species in surveys of forests. It was one of 
the principal attributes recorded for punch ecard data 
handling, for all (ineluding tree) strata elsewhere 
than in the 56 main forest stands. 

Stratum rank 1 applies to a species for which a 
single individual was observed in the stand. No. 2 
means two to several individuals, but both very infre- 
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quent numerically and quite inconsequential in the 
cover they contribute. As the balance between 
abundance and total cover of the species determines 
stratum rank, either 3 to several individuals furnish- 
ing substantial cover or more having lower aggregate 
cover would be called SR 3. Both cases would 
produce the same gross impression as to dominance- 
standing of the species. Proceeding up the unequal 
seale, the various ranks, while discernable in practice, 
cannot be fully conveyed in writing because the con- 
cept has no objective or quantitative basis. The range 
covered by SR 3 is wider than that included in SR 2 
but considerably narrower than that of SR 4, and so 
on, the range of differences in stratum rank expand- 
ing for each successively higher rank. In a stand 
having only two species sharing clear dominance, as 
beech and maple may, neither can exceed 7 in stratum 
rank, and if there is a marked difference between two 
such dominants, the lesser is SR 6. The third and 
fourth species could exceed SR 5, only if species 
subordinate to them were all of rather low SR. Thus, 
judgment of each species takes the entire observed 
stand into consideration. SR 8 is never given to more 
than one species in a stand, and that only when this 
species is so outstanding as to be termed the only 
dominant of its stand. The top rank, 9, refers to 
the sole dominant in a stratum where no other single 
species exceeds SR 2. 

There is no set maximum total stratum rank of all 
species, since a really pure stand would “total” only 
9, whereas a stand with many species would necessari- 
ly have a much higher sum. The expression charac- 
terizes a species, in relation to its stratum, not strata 
or communities as a whole. 

Punchcard Recording—For the routine field re- 
cording of a variety of observations, a printed grid- 
line form was used. Each horizontal row represented 
asingle record of a particular species. A large space 
at the left was for the species name, which was the 
only entry other than numerals. Vertical columns had 
heavy black numbers at both top and bottom. Heavy 
and light lines were used, the heavy to set off broader 
categories, e.g., the group of 4 columns for recording 
the date. Genus and species numbers were as listed 
by Deam (1940), except for a few adjustments to 
account for varieties, and other problems. Also coded 
were date, location, physiography, soil texture and 
moisture estimates, the plant’s developmental stage, 
stratum rank, height above river level, river stage re- 
lative to mean water level, and other features. The 
5,900 puncheards were machine sorted to collate 
various sorts of information. 


RIVERBANK COMMUNITIES 

This section mainly reports results of rapid sur- 
veys of relative densities in mixed stands carried out 
by offshore census from a boat. In addition, the 
pure stands representing earlier successional stages 
are briefly discussed in a seral sequence, to complete 
the types of communities of woody plants occupying 
the bank proper. These data for the Tippecanoe 
were collected both above and below Lakes Shafer 
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Fic. 31. Graph of the flood-suseeptibility continuum 
in forest vegetation of the Wabash River system. See 
text for explanation. Tx indicates bald cypress, As silver 
maple, Ani black maple, Ar red maple, Op pin oak, Pd 
cottonwood, Sn black willow, Fl green ash, Po syeamore, 
An ash-leaved maple, Jn walnut, Ta basswood, Qb red 
oak, Co hackberry, and Ua American elm. 
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and Freeman, while those for the Wabash were taken 
between 40° and 40° 30’ N. 

Salix interior —Sandbar willow, the pioneer woody 
plant in primary succession, is most prominent on 
point and insular bars where recent substrate is avail- 
able for invasion. On the lower Wabash, the observer 
standing on a cut bank opposite a typical point bar 
sees a characteristic stepwise arrangement of hori- 
zontal upper canopy lines which rise successively in- 
land (Fig. 21). The first or lowest step is formed by 
the tops of the dense, mature sandbar willow stand. 
Expressed more accurately, this stand is the most 
mature of its kind at a given site, because this low 
elevation community is more exposed than other 
woody stands to drastic reeurrent flood and _ ice 
damage and instability of the site generally prevents 
the full potential development of sandbar willow from 
being attained. Its remarkable persistence and re- 
cuperative powers adapt it well to its habitats. 

The best developed sandbar willow stand (38° 
35’ N. Lat.) was sampled by the Bitterlich method. 
Sandbar willow had Ds of 314 individuals at least 4 
in d.b.h./ A, and Bye of 64.5 sq ft, amounting to 95.3% 
of the stand density and 94.8% of the basal area. 
For silver maple the Dy was 12.7 trees and Dg was 
3.9%, with By of 2sq ft and Bz of 2.9%, while black 
willow had 2.8 for Do, 0.86 for Ds, 1.5 for Bo, and 2.2 
for Bz. The 3 species ranked 95%, 3.4%, and 1.5% 
in importance, respectively. The largest sandbar 
willow tree was 9.6 in d.b.h., and there were many 
other large stems of this species. The continuum in- 
dex number, 212, was the lowest in any stand sampled. 

One-fifth of the ground was hidden by fallen logs 
and trash from sandbar willow; standing dead stems, 
broken off at 15-20 ft, were a fourth as common as: 
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the living stems near the river edge of the stand and 
half as common near the opposite edge. The prev- 
alence of silver maple reproduction averaging 1.5 in. 
d.b.h. suggested that due to the high development of 
sandbar willow it was preempting the role of black 
willow, so that the maple would here supplant it di- 
rectly, without the black willow stage intervening. 

On a level nearer the river and 3 ft lower, a pure 
stand of first-year sandbar willow grew in weed-like 
density to a uniform height of 9 ft. 

The sandbar willow community is discussed in 
other sections, especially in connection with herb suc- 
cession and flood damage. 

Salix nigra.—Because of the much greater volume 
and force of floodwaters on the Wabash, the two 
essentially single species marginal stands which tole- 
rate the most extreme conditions, the sandbar willow 
and black willow communities, are decidedly more 
evident along the Wabash than the Tippecanoe. 

On steeper banks the sandbar willow band is typi- 
eally lacking. The black willow community may be 
very narrow. Since the willows are shaded on the 
shoreward side by taller trees, and sometimes partly 
undermined by water erosion, their stems character- 
istically lean toward the river. 

At the upper elevations of the black willow type, 
it was invaded by cottonwood and silver maple. Along 
the ridgetop of a Wabash natural levee of sandy loam 
at 39° 44’, black willow had Dz of 180, Dg of 54%, 
Bs of 126, and B, of 73%. Silver maple had Dz of 
110, Dg of 33%, Bo of 24, and Bs of 14%. The 
figures for cottonwood were 45 trees, 13%, 24 sq ft, 
and 14%, respectively. Importance percentages were 
63 for black willow, 23 for maple, and 14 for cotton- 
wood. The flooding index was 388. 

Mixed stands of riverbanks.—The results of off- 
shore census of mixed stands reflect the composition 
of the wall of foliage fronting the rivers where the 
sandbar willow and “pure” black willow communities 
were absent. Edges of the first bottom included the 
bank slope if timbered and the stems in the first 10 
ft of flat flood plain bordering a cut bank. Where 
Wabash stream erosion has removed the first bottom, 
the same portions of the second bottom were worked. 
On the Tippecanoe, a continuous steep slope often 
descends from the glacial till upland; there the band 
of trees rooted less than 4 ft (vertically) up the bank, 
corresponding to the elevation of the first bottom, was 
censused. 

The presence list of Tippecanoe first bottom river- 
bank trees shows higher successional development 
than in the same habitat on the Wabash, even though 
the absolute height above the mean river level may 
be three times as great along the larger stream. The 
substrate bordering the Tippecanoe is much more 
stable than corresponding physiographic sites on 
the Wabash as is clearly indicated ecologically by 
comparison of the flood indices given for stands de- 
seribed below. Each figure was derived by multiply- 
ing the given relative density by the flood suscepti- 
bility number (see Methods) of the species, and add- 
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ing these products for the whole community column. 
That the first-bottom index sum for the Tippecanoe 
exceeds that for the Wabash would be expected, but 
the extreme to which this tendency goes is shown by 
the fact that the Tippecanoe first bottom exceeds the 
index sum for the Wabash second bottom. The 
greater elevation and duration of floods on the Wa- 
bash than on the Tippecanoe is clearly indicated by 
this vegetational comparison. 

A 16-point difference in the index between the 
two Tippecanoe bank types suggests that the lower 
levels of steep non-alluvial cut banks support slightly 
more advanced vegetation successionally than allu- 
vium of the same elevation. 

There are marked contrasts in the greater im- 
portance of sycamore and river birch on the actual 
banks of the Tippecanoe than on the Wabash, and 
in the lesser status for black willow and cottonwood. 


WasasH River FLoop PLAIN 

The locations of the 56 stands studied in more de- 
tail were distributed as evenly as possible over the 
latitudinal range (Fig. 30). The arrangement of the 
stands for consideration is in general order of in- 
creasing latitude. Certain stand descriptions are 
presented rather fully, others displaying significant 
variation are given brief treatment for supplementary 
purposes. Both latitude and physiographic site are 
taken into account in the sequence, in that the entire 
latitudinal range is divided into equal thirds for 
convenient , consideration; within these southern, 
middle and northern areas the stands are grouped on 
a physiographic classification basis. 

Southern swamps and lake shores——At Hovey 
Lake, 37° 51’ N., subject to overflow waters from the 
Ohio River when in flood, strip sampling was done 
on Sept. 18, 1957, along the west shore, less than 
a foot vertically from the water level. The stand 
was about 200 ft wide. The continuum index figure 
237 for this stand is extremely low. Bald eypress 
dominated (60% Vs) within the narrow elevational 
limits sampled; the only other important species were 
silver maple and river birch. The Bg of 392 sq ft is 
the only one of the entire study exceeding 300, except 
for some maximal strips (which are not on a compara- 
ble basis). The numbers per acre for reproduction 
sizes were silver maple 330, river birch 20, pecan 15, 
ash 3, and sugarberry 2. Cypress had 110 knees 
per acre. Its reproduction classes were: less than 
1 ft seedlings 390, 1-3 ft tall 33, 3-10 ft 13, over 10 
ft. 1.7. Forestieria shrubs had 323 clumps per 
acre, Cephalanthus 208 (with 13 seedlings), Vitts 
spp. 56, and Vitis palmata 8. Herbaceous cover was 
lacking. Next inland, and more than 1 ft above the 
lake, was a band of large trees, chiefly pecans up to 
35 in. d.b.h. and river birch up to 29 in. 

South of Hovey Lake is an extensive (not merely 
marginal) stand of undisturbed swamp forest domi- 
nated by silver maple (67% V2) but with cypress 
(16% Vs) averaging 21.7 in. d.b.h., and black willow 
averaging 23 in. The tendency of a few large willows 
to persist in an old stand under rather stable (edaphic 








April, 1961 


climax) conditions was illustrated. The stand con- 
tinuum index was 442. 

Inman Swamp on the flood plain of southeastern 
Illinois supported a red maple-ash stand. The V3 
for the maple was 81%, for Fraxinus pennsylvanica 
17%, for slippery elm 1.2%, and for American elm 
0.56%. The continuum index was 405. No eypress 
was found there. 

Across the Wabash from Mt. Carmel, Illinois, are 
the northernmost cypress stands in Indiana; there 
was found the largest tree (Fig. 32) in the state, 
which measured 81.5 in. at a height above most of 
the butt swell. In this stand at 38° 2614’ N., in 
Little Cypress Swamp, cypress had a V3 of 53%, 
and green ash, silver maple and swamp cottonwood 
were the only other important trees. A very low 
continuum index (275) was computed. The soil was 
a heavy gray clay, with many crawfish chimneys. 
Water stood over much of the ground except during 
the late summer. Cypress knees were up to 3 ft tall. 
The Drummond maple was mostly lodged from un- 
stable substrate, with thriving erect stems from the 
old prostrate trunks. In spite of access to cattle 


during dry periods, herbs and shrubs were well de- 
veloped. Mosses and liverworts grew in profusion on 
tree trunks. 


'; 
e 4 4 
pata | 
Fig. 32. Taxodium distichum in Little Cypress 
Swamp, southern Knox County, Indiana, which measured 
81.5 in. diameter at the level of the tape shown. This 
is the largest tree (in diam.) known to be alive at present 
in Indiana. The man stands upon cypress knees. 
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The 1.65 acres tallied within the randomized strips 
showed that the reproduction per acre numbered as 
follows: Celtis laevigata 73, Acer saccharinum 43, 
Populus heterophylla 33, Fraxinus pennsylvanica 31, 
Ulmus racemosa 28, Ulmus americana 19, Celtis occi- 
dentalis 12, Drummond maple 4.8, Fraxinus nigra 
2.4, and Taxodium 0.6. The chief shrub was Cepha- 
lanthus occidentalis, others of prominence were Cam- 
psis radicans, Benzoin aestivale and Vitis vulpina. 
Less common were Smilax rotundifolia, Rhus radi- 
cans, and Arundinaria gigantea, at its northern range 
limit. The most abundant herb was Saururus cer- 
nuus; other common ones were Peltandra virginica 
and Pilea pumila. In less moist spots Echinocystis 
lobata, Bidens spp., Glyceria sp., and Laportea can- 
adensis were occasional, and Scutellaria sp., Bromus 
purgans, Dioscorea villosa, Acorus calamus, Dryop- 
teris thelypteris var. pubescens, and Carex grayii were 
infrequent. 

Slight depressions in high bottoms near Wabash 
mouth.—Close to Little Cypress Swamp, at 38° 27’, 
an extremely mixed stand oceupies a long broad de- 
pression at a distinctly higher level than the nearby 
cypress stands. A complete census was made on 
4.7 acres, and 34 tree species were recorded, not 
counting several peculiar hybrid oaks. Eight species 
had a Vz exceeding 4%. The highest Vz, that for 
American elm, was only 17%. Fraxinus pennsyl- 
vanica (pubescent type) had 14%, sweet gum 12, 
bur oak 8, and silver maple 8. Also present, in this 
stand of marked southern affinity, were pin oak, shag- 
bark hickory, swamp white oak, cottonwood, hack- 
berry, Shumard’s oak, bitternut hickory, Kentucky 
coffee tree, sycamore, walnut, sugarberry, post oak, 
blue beech, pignut hickory, red maple, redbud, honey 
locust, Quercus falcata and its var. pagodifolia, box- 
elder, mockernut, bigleaf shagbark, river bireh, paw- 
paw, red oak, persimmonon and hawthorn. The stand 
continuum index was 580, Dy was 116 trees, and By 
was 126 sq ft. It did not appear that standing water 
covered the ground except during the higher floods 
(during the dormant season ordinarily) when the 
entire high bottom would be covered. 

A narrow woods bordering a deep “oxbow” from 
which the Wabash was artificially diverted recently is 
located opposite New Harmony at 38° 05’. The 
strips were placed 3-4 ft higher than the water level 
in the pond, and 14 ft above the river level. Nearly 
2 acres were included within the strips. Importance 
percentages of the tree species over 4 in. d.b.h. follow: 
American elm 26, silver maple 25, boxelder 14, green 
ash 7.4, syeamore 7, hackberry 6.9, walnut 2.8, Ken- 
tucky coffee tree 2.8, cottonwood 2.6, red elm 1.4, 
osage orange 1, with sugarberry, grape and redbud 
still lower. This type of stand, characterized by the 
5 leading species given, is typical of riverbank 
borders rather than swampy bayous or filling oxbow 
depressions. Also it is not (like the previous) ex- 
clusively a southern type, but frequently occurs bor- 
dering banks along the entire length of the Wabash 
studied. 
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High bottoms near the Wabash mouth.—The ex- 
tensive flood plains of the extreme southern Wabash, 
Posey County, Indiana, support, where uncultivated, 
very mixed stands dominated by oaks. The tree 
species composition, and a number of non-tree species 
which belong to the Mississippi Valley flora and find 
their northeastern limit in this area, give the vegeta- 
tion a strong southern aspect. This is Deam’s (1940) 
Lower Wabash Valley floral area. 

At about 37° 52’ N., southwest of Mt. Vernon, 
and several hundred yards northeast of the grade 
school and Vansart store lies George Johnson’s woods. 
This is subject only to the severe floods. Our soil 
analysis shows 13.6% sand, 38% silt, 48.4% clay and 
0.6% organic matter, with a 27.6% moisture equiva- 
lent, 8.4% permanent wilting point, 19.2% growth 
water, and a pH of 5.2. The continuum index was 
988, the highest found. The two leading doiminants 
are the southern oaks Quercus stellata and Q. falcata; 
4 species of hickories are present in lower importance. 
The trees are relatively small and the aspect is rather 
open for an Indiana oak or oak hickory stand. Only 
a few stumps occurred, however, and these were 
bunched. Obvious hybrids between Quercus stellata 
and Q. palustris were recognized. Small reproduc- 
tion of Prunus serotina and Diospyros was common 
despite searcity of mature Symphoricar pos 
orbiculatus had stratum rank 5, while blackberry 
(Rubus allegheniensis), poison ivy (Rhus radicans), 
woodbine (Parthenocissus quinquefolia), gray dog- 
wood (Cornus racemosa), C. florida, Rosa setigera, 
and Vitis riparia each had SR 3 or 4, and Campsis 
radicans, Vitis cinerea, Rhus copallina, and redbud 
had SR 2. A southern vine very rare in Indiana, 
Trachelospermum difforme, had been collected in this 
same woods by Deam in 1918 and Kriebel in 1938. 
We made a very persistent search there and in nearby 
woods at several different times, but did not find it. 
In addition to grasses (Elymus, Panicum, Cinna) 
and earices (C. tenera, C. squarrosa), the important 
herbs were Apocynum cannabinum, Pentstemon al- 
luviorum, and Desmodium sp., each with SR 6. A 3 
or 4 stratum rank was assigned to Solidago gigantea, 
Pycnanthemum fleruosum, Gillenia stipulata, Lespe- 
deza repens, Scutellaria nervosa, Helianthus decape- 
talus, Lysimachia mummularia, Rumex  crispus, 
Cyperus sp., Impatiens spp., and Oenothera sp. Note- 
worthy among the many herbs having 2 or 1 rank were 
Houstonia longifolia, Lythrum alatum, and Uniola 
latifolia. The complete absence of Laportea was 
extraordinary. 

A floristically unusual woods nearby, just south of 
Half Moon Pond, was dominated by post oak (SR 
6), swamp white oak (6), and shagbark hickory (6). 
Pin oak ranked 5, and black oak together with an 
apparent black—pin oak hybrid ranked 3. Redbud 
(4), mockernut (3), butternut (2), sassafras (2), 
white ash (2) and a single Quercus imbricaria com- 
pleted the mature tree stratum. The principal shrubs 
and vines were Symphoricarpos orbiculatus (7), 
Campsis (5), Parthenocissus (4), Ilex decidua (3), 


trees. 
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Cornus racemosa (3), and Rhus radicans (3). One 
of the rare vines, Clematis pitcheri, occurred. False 
aloe (Agave virginica) here ranked 4, although it 
was found nowhere else. Sypigelia marilandica (4), 
Allium candense (5), Ruellia strepens (5), Psoralea 
psoralioides (4), Galium sp. (4), Actinomeris alternt- 
folia (3), Polygonatum biflorum (3), Impatiens sp. 
(3), Oenothera sp. (3), fruticosa (2), 
Phlox pilosa, Phlox glaberrima, and the same species 
of Pentstemon, Pycnanthemum, and Scutellaria as in 
the Johnson woods, were conspicuous. 

Another mixed hardwood stand occurred at Pitcher 
Lake near Mt. Vernon (37° 57’ N.) on higher flood 
plain near the oxbow. Having a continuum index 
(679) that was 309 points lower than the Johnson 
woods, it evidently has a much less well drained sub- 
strate. Bur oak (25% V3) is the sole dominant, fol- 
lowed by American elm (10%), pin oak (6.8), green 
ash (6.7), big leaf shagbark (6.5), hackberry (6), 
sweet gum (5.3), sugarberry (4.7), bitternut hickory 
(4.6), red elm (4.3), walnut (4), redbud (3.5), 
honey locust (3.5), and Shumard oak (2.3). Eleven 
cther species, including Quercus falcata and pecan, 
showed less than 2% importance. The stand had Dg 
141 and By 117. A table showed that 
bur and pin oaks and big leaf shagbark are well 
established in smaller as well as larger sizes. 

A stand at 38° 31’ N. lies just southeast of a 
large oxbow called Big Swan Pond. In the 12-acre 
stand, 2.2 acres were included within the 7 sampling 
Table 5 presents the analysis for this elm- 
Ten species 


Amor pha 


size elass 


strips. 
haeckberry-hickory-walnut community. 
each exceeded 4% in importance, showing its highly 
mixed nature. The Dg was 119, and By was 114. 
With a 716 continuum index, it is considered repre- 
sentative of the many well-drained second-growth 
woodlots on the broad bottomlands between Mt. Car- 
mel, Illinois, and Vincennes, Indiana, exeept for the 
unusual prominence of walnuts and large redbuds. 
Besides the tabulated species were silver maple (1.2 
Vs), and Shumard oak, pignut hickory, blue beech, 
swamp white oak, and Kentucky coffee tree with less 
than 1% importance each. There was practically no 
reproduction of American elm and very little of wal- 
nut. The per acre density figures for trees less than 4 
in. d.b.h. were boxelder 54, hackberry 23, white ash 22, 
redbud 22, bitternut hickory 22, shagbark 16, mulberry 
16, pignut hickory 11, sugarberry 9, walnut 7, and a 
trace for honey locust, hawthorn, American elm, and 
cork elm. In the understory the per acre densities were 
Benzoin aestivale 274, poison ivy 241, Asimina triloba 
236, Symphoricarpos orbiculatus 24, Vitis spp. 36, 
Sambucus canadensis 18, Campsis 15, Menispermum 
canadense 14, woodbine 11, Smilax rotundifolia 9, 
Evonymus atropurpureus 9, and Dioscorea villosa 2. 

Poorly-drained bottomland flats of the southern 
Wabash.—At 38° 28’ N, 102 mi north of the Wabash 
mouth by river, a red maple-elm-hickory stand was 
sampled. Nearly 3 acres were included within the 
randomly placed strips. The soil sample showed 6.8% 
sand, 55.8% silt, 37.4% clay, and 3.2% organic mat- 
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TABLE 5. Attributes of a mixed hardwood stand at 
Big Swan Pond, 38° 32’ N. The less important of the 
20 tree species of the stand are not included helow, but 
computation was based on the entire stand. Dy, is 
density per acre, Dy relative density, B, basal area per 
acre in sq. ft., Bg relative basal area, and Vg is im- 
portance percentage (Table 3). 





D. | Ds; B B \ 

Ulmus americana 21 1S 28 24 21 
Celtis occidentalis 23 19 11 10 15 
Juglans nigra 16 14 9 1.9 | ii 
Acer negundo ..| 12 9.9 9.7 8.6 9.2 
Carya ovata. . 4 12 7.0 6.1 9.2 
Carya cordiformis 8.6 7.2 | 10 8.9 8.1 
Quercus palustris ish aoe 1.9 9.2 8.1 5 
Q. macrocarpa » Ee AO Re as de Ge eg 
Fraxinus americana | Bor 2.3 14 6.8 4.5 
Liquidambar styraciflua.| 3.2 | 2.7) 6.8 6.0 4.3 
Cercis canadensis... . . 6:8-; 5.7 1.4 1.3 3.5 

| 

| | | 
ter. Its moisture equivalent was 33, permanent 


wilting percentage 13.8, growth water 19.2 and pH 
4.8. Species with less than 2% importance (not 
tabulated) were big leaf shagbark (1.59%), bitternut 
hickory, sassafras, Kentucky coffee tree, laurel oak 
(Q. imbricaria), red elm, hackberry, white oak, and 
4 others to total 21 species over 4 in d.b.h. The Dg 
was 100, the By 96, and the continuum index 573. 
Tree reproduction showed these stratum ranks: shag- 
bark hickory 8, hackberry 5, American elm 4, sugar- 
berry 4, green ash 3, sweet gum 2, pin oak 2, and 
redbud 2. Red maple, a dominant upper stratum 
species, was failing to reproduce. The influential 
shrubs and vines were poison ivy (6), Smilax rotundi- 
foia (4), Benzoin (4), and Parthenocissus (3); the 
main herbs were Carex grayii, Desmodium, Elymus, 
Stachys, and Lyecopus. 

In northern Gibson County (38° 23’ N.), a pin 
oak flatwoods was studied east of East Mt. Carmel 
on the north side of Rt. 64. The Vz figures for all 
tree species were pin oak 74, sweet gum 6.5, swamp 
white oak 5.6, black gum 5, green ash 2.5, red maple 
1.6, honey locust 0.4, pecan 0.3, and mockernut 
hickory 0.3. The percent standard error in sampling 
pin oak was 8.8 for basal area and 8.4 for density. 
The continuum index of 584 was rather low, the sub- 
strate being flat and poorly drained. The only Styrax 
americana shrub found, and an Ilex decidua, occurred 
here. Panicum huachucae had stratum rank 3, and 2 
or 1 was represented by Juncus macer, Carex mus- 
kingumensis, ©. squarrosa, C. intumescens, C. molesta, 
Scirpus atrovirens var. georgianus, and Asclepias 
perenntis. 

Silver maple-cottonwood-elm on first bottoms.— 
Along the Wabash, at least from near Vincennes up- 
stream to the limit of the study (Logansport), the 
latitude factor seemed inconsequential in affecting 
composition and structure of the forest communities 
on first bottoms. The chief species were black wil- 
low, silver maple, American elm, and cottonwood; 
their proportion was determined largely by age or 
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successional advancement of the stand, in pact by 
and physiography within the first 
The general stand type follows chro- 


soil differences 
bottom habitat. 
nologically, and stands next above, physiographically, 
the early stage (or low zone) of practically pure black 
willow discussed in the section on communities on the 
riverbank Also, silver maple may occur in 
pure stands when young; only these two species form 
Where only 2 species form a stand they 


proper. 


pure stands. 
may be a black willow, maple or cottonwood in either 
possible combination. Stands of these 3 species, but 
no others, are common. 

A pure stand of young silver maple was sampled 
at 39° 22’. The Do was 425, and Bs 154. It oe- 
cupied an extensive depression 2-3 ft below the level 
of the cultivated flood plain. 

A very different looking pure silver maple stand 
on first bottom was also non-linear, having the trees 
seattered through a 110-180 ft-wide band. Its lati- 
tude was 40° 31’ N. The Dy is 265, and Bo 319. 
Six feet higher vertically here, outside the maple stand 
on the slope toward the cultivated second bottom, was 
a single irregularly spaced row of very old syeamores, 
the largest having a 52 in. d.b.h. 

At 40° 27’ is a large island, unusual in the Wabash 
because it is apparently quite undisturbed by man. 
Here, a maximal strip included 0.4 aere on the flat 
first bottom near the base of the slope leading up to 
the second bottom. Cottonwood had the highest im- 
portance (30%), followed by silver maple 27, syea- 
more 20, boxelder 19, red elim 1.7, hackberry 1, and 
green ash 0.2. A number of very large cottonwoods 
restricted to a line along the slope base, gave a By 
of 148 sq ft (for only 15 individuals/A) out of the 
By of 298. Silver maple contributed 72 sq ft/A, 
sycamore 62, and boxelder 13. The continuum index 
was 494, 

A broad shallow draw, or incipient ravine, in the 
second bottom at Americus, 40° 33’ N., was occupied 
by a grove of large cottonwoods unusually high above 
the Wabash. This species showed a Dy of 270, D, 
86, By 285, Bs 98 and Vz 92. The other species, silver 
maple, contributed enough to the stand totals to bring 
the Dg to 315, the By to 298. Generally, in maple- 
cottonwood mixtures, the maple is the more important. 

Turning to a very typical ratio of species, a broad 
first bottom stand below Lafayette had importance 
percentages of 55 for silver maple, 38 for cottonwood, 
and 7 for black willow. The Dy was 289, By 171, and 
continuum index 449. It is common for such bottoms 
to have very little understory because of severe late 
spring, or even, rarely, July flooding. Tree repro- 
duction is limited, shrubs and vines (except poison 
ivy) usually absent. In more favorable years there 
is a dense but monotonous herb stratum predomi- 
nantly composed of nettle (Laportea canadensis), 
white, small-flowered asters of several species, Cryp- 
totaenia canadensis, and, in more moist spots, Pilea 
pumila, 

Soils from this type of stand in nearby latitudes 
are well represented by the analysis of a sample 
from 40° 08’ N. whieh showed 22% sand, 39% silt, 








136 


39% clay, 2% organic matter, moisture equivalent 
27.4, permanent wilting percentage 10.5, growth water 
17, and pH 7.7. 

On first bottom terrain which is somewhat less 
flat, more varied communities occur, as shown near 
Palestine, Illinois, at 39° 00’, where silver maple had 
importance of 41%, cottonwood 36, American elm 18, 
green ash 5, honey locust 0.48, and sycamore 0.29. 
The stand had a 477 continum index. Forestieria 
acuminata (SR 2) is listed by Deam as occurring only 
as far up the Wabash as Knox County; this record 
extends it to opposite Sullivan County. White aster 
had SR 8, Geum vernum 6, various grasses 5, Im- 
patiens pallida 2, Saururus cernuus 2, and Senecio 
glabrella 2. 

North of Delphi, at 40° 48’, strips paralleling the 
river (and 20-40 ft from the bank) maximized the 
data for the first main row of trees. Sampling error 
for the dominant maple was only 7% for density. 
Importance figures for the species were: silver maple 
91, cottonwood 4, black willow 3, American eim 0.5, 
boxelder 0.4, and red elm 0.24. Continuum index was 
490. 

A striking contrast appeared at 40° 23’ N., 300 
mi up from the Ohio by river distance, where 
adjacent first and second bottoms both provide areas 
of adequate size for sampling. On the lower level, 
silver maple had D, 84, Dz 71, By 86, Bz 95, and V3 
83, while on the upper its Vz was only 0.6. Hack- 
berry below had Vz 6.8, American elm 5.8, cork elm 
1.2, and 0.96 for each of boxelder, green ash, and 
black ash. The continuum index of 522 is 171 lower 
than that of the sister stand at the higher level. The 
latter stand is the first described in the section after 
next. 

Sloughs in second bottoms, Wabash River north of 
40°.—The northernmost Carya illinoiensis (pecan) 
were found near Perrysville at 40° 02’ N. East of 
the river, pecan up to 33 in. d.b.h. grew in a slough at 
40° 01’. The only 2 trees present, silver maple, and 
peean gave a Dy of 215, and a By of 191. Silver 
maple reproduction had 73 stems per acre, that of 
elm and ash were negligible. About 20% of the 
ground was covered by shrubs, vines, and herbs, of 
very limited variety. The Cephalanthus, Vitis, Smi- 
lax, Campsis and Laportea which constituted most 
of it are either tolerant of standing water or fast 
growing; water of the year had stood in the slough 
to a height of 5 ft. 2 in. above the average ground 
level. + 
Second bottom stands on the Wabash above 40° N. 
—A stand exemplifying the rare undistur com- 
munity of the upper flood plain gave V3 figures of 
63% for hackberry, 13 for American elm, 12 for 
smooth buckeye and 5 for walnut. Black maple (ce. 
f. Table 6) showed VY, 0.9. Individual trees were 
large; the greatest d.b.h. for an elm here was 54.3 in., 
and for a hackberry 51.7 in. A buckeye 30.4 d.b.h., 
was the largest seen along either river. The im- 
portance of buckeye was unique to this undisturbed 
stand. All the species, except American elm and 
silver maple, are, on the middle Wabash and the 
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Tippecanoe, characteristic second bottom species. The 
continuum index was 693. Poison ivy had SR 6, 
woodbine 3, and Dioscorea villosa 3. Smilax hispida, 
Evonymus obovatus and Sambucus had lower ranks, 
which reflect a poorly developed shrub stratum. Herbs 
were dense and varied, with Laportea, Hydrophyllum 
appendiculatum, and Sanicula gregaria each having a 
7 SR on July 11. Cryptotaenia canadensis was as- 
signed rank 6, while Impatiens spp. and Rudbeckia 
laciniata rated SR 4, Viola sp., Elymus virginicus, 
and Tradescantia subaspera SR 3. All these herbs 
except the last were often seen on the Wabash first 
bottoms, also. 

On the above-mentioned Wabash island at 40° 27’, 
there is a small central turret-like remnant of second 
bottom nearer the downstream end where more pro- 
tection against flood erosion exists than on the rest 
of this much-damaged island. On the flat narrow 
top of this second bottom, which is of fine sand and 
8 ft higher than the first bottom, walnut has SR 52, 
boxelder 31, silver maple 15, and mulberry 2.7. The 
continuum index was 696, compared with 557 for the 
first bottom on the main body of the island. The 
largest tree on the upper level was a 22.7 in. walnut. 
Although this species had a Dy of 50, it had no repro- 
duction whatever, but boxelder had 170 reproduction- 
size individuals/A, 115 of them more than 10 ft tall. 

The most advanced stand studied, in the sense of 
nearest approach to the beech-sugar maple climatic 
climax of Indiana uplands, was that across the Wa- 
bash and a few miles upstream from Logansport, at 
40° 44’, 

A soil sample from level ground (Table 2, lowest 
40° 44’ sample) has high sand content (44%) with 
the clay about equal to the silt. The organic matter is 
relatively low, and the growth water storage capacity 
about average. Probably the good aeration and in- 
ternal drainage of the soil makes it possible for cli- 
max species to tolerate the occasional floods here. 
Following flood recession, air would rapidly reenter 
the soil. 

The- vertical airphoto (Fig. 33) shows the woods 
in October; the lightest tone characterizes the crown 
of the Acer nigrum-saccharum complex in autumn 
coloration. Although it was not feasible to separate 
the two maples because the full gradient was repre- 
sented here, there are many more definite black 
maples than sugar. (Many places along the Wabash 
north of 40°, not sampled but recorded by stratum 
rank for puncheards, make it clear that black is much 
more important than sugar maple in narrow linear 
stands along the edges of, and in broad stands upon, 
the second bottom.) Table 6 presents the results of a 
full tally of 3.5 acres. While the stand was rather 
mixed, with 21 species exceeding 4 in. d.b.h., the ecom- 
bination of beech and hard maples provided 51% of 
the density and 75% of the basal’ area. Two elm 
species and hackberry were next in importance. 
Again, smooth buckeye played a significant, though 
here more minor, role. Of the first bottom species, 
willows and cottonwoods were absent, silver maple 
and sycamore barely present. Oaks were absent, and 
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TABLE 6. Edaphie climax black maple—beech stand 
on Wabash second bottom near Logansport, from a com- 
plete census of 3.5 acres. 





39 36 


Acer nigrum-saccharum. .| 28 33 40 

Fagus grandifolia.......| 15 18 36 36 27 
Ulmus americana.......| 12 11 5.1 5 8 
Celtis occidentalis.......| 5.4| 6.5 | 4.2} 4.1 5.5 
Ulmus racemosa. A bee) SB Bae: 20 | 5 
Aesculus glabra. ..--| 4.6] 5.4 1.9 eo ao 
Ulmus rubra.......... 3.2 3.7 3.5 3.4 3.5 
Prunus serotina. . ba 47 1 2 18 | 
Frovinus ap.......... La}: ZO) OB) O46 1.5 
Juglans nigra... .. 1.4 ae 1.8 1.8 1.5 
Cercis canadensis. . “| Ave L7G) G4 | 0:5 
Crataegus sp...... C6 i OF | O23 0.6) 0.5 
Acer saccharinum. . 0:3; 0:3 | O.4) 0.4) 0:5 
A. negundo....... 0.28} 0.3; 0.1 0.1 0.22 
Carva glabra........ G3) O23 | - O53 0.1 0.22 
Morus alba......... 0.3 0.3 0.04) 0.03) 0.22 
Carya cordiformis. . . 0.3; 0.3} 0.03) 0.03) 0.17 
Whole stand...... D, 84 By, 101 


two hickory species very unimportant. This sugar 
maple-beech stand represents the apex of flood plain 
succession on the upper and middle Wabash and 
Tippecanoe rivers. Its continuum index 880. 
The largest beech was 24.8 in. d.b.h., the largest black 
maple 23.9 and American elm 27.8. 

This high bottom is definitely still flooded occa- 
sionally, but not annually. Much of the ground sur- 
face was covered by the flood of June-July 1958; at 


was 





Fig. 33. 
coloring. 


coarser elm crowns. Cf. Table 6. 
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that time root suffocation would be more likely than 
during the frequent winter floods. However, when- 
ever water stood in this forest, it was very shallow. 
No water-killing of trees was found. In places, a 
three-eighths inch (dry) layer of silt had been laid 
down over last year’s dead leaves by this flood. 

The hard maples are by far the most important 
trees in the reproduction layer, and beech is sparse; 
this is a common situation in midwest climatic climax 
stands also. Buckeye reproduction had SR 3, com- 
parable with that of more numerous tree species. 
Spicebush had SR 5 and Asimina triloba, which be- 
haves as a shrub in the Wabash stands, had 4; Dirca 
palustris and Smilax hispida had 3; and elderberry, 
Celastris scandens, blackberry, and raspberry had 2. 
Combining spring and summer herb data, Dicentra 
cucullaria had SR 6 (but D. canadensis only 1), 
Claytonia virginica 4, Isopyrum biternatum 4, Asarum 
reflecum 3, Viola sp. 3, Viola pubescens 3, Dentaria 
laciniata 3, Trillium sessile 3, Laportea 3, Osmorhiza 
claytoni 3, Mertensia virginica 2, Sanicula candensis 2. 
Actinomeris alternifolia 2, and Epifagus virginiana 2. 
The rare Actaea rubra, which comes southward (very 
locally) into a few northern counties of Indiana, was 
collected here well south of any records which Deam 
(1940) authenticated. 

TIPPECANOE RIVER FLoop PLAIN 

First Bottom Stands.— 
of the little-disturbed Tippecanoe forests were found 
on the numerous islands, these furnished most of the 


3ecause the most extensive 





A very little-disturbed beech-maple stand on second bottom near Logansport, the most advanced suc- 
cessionally of all stands studied. The light crowns are black (and some sugar, and intergrades) maples in fall 


Beech crowns are the medium gray crowns which are softer and finer textured than the granular, 
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sampling sites along this stream. As seen on air- 
photos, the larger islands are long and narrow. The 
size of the sampled islands averages about 7 acres. 
The dark topsoil is mainly of rather uniform-tex- 
tured fine sand with a high organic content. Although 
no large, old walnut trees remain, the islands were 
generally remarkably free of human disturbance. The 
rich and varied shrub and herb layers place many of 
these forested islands among the most natural and 
unspoiled lands in the state, but at the rate of cot- 
tage development along the main riverbanks, this may 
not hold true much longer. 

The lower flood plain along the stream south of 
Ora averages only 2.5 ft above the water level. At 
Tippecanoe River State Park (41° 07’ N.), where 
the west side of the river was sampled, this level 
supported a silver maple-American elm stand that 
included 14 tree species. The combined V3; of the two 
dominants silver maple and American elm was 77%, 
and no other species attained 5%. Cottonwood, which 
was far less important in the successionally older 
forests here than along the Wabash, was barely repre- 
sented, as were several species typical of distinctly 
higher levels. 

At 40° 53’ a low island was sampled on the 2-3 ft 


level. Importance figures were: silver maple 74%, 
boxelder 8.6, black willow 8.3, American elm 4.2, 


Salix cordata 2.1, and green ash, red elm, walnut, and 
eatalpa less than 1. The continuum index was 509. 

Second bottom stands.—On the south side of the 
Horseshoe Bend resort area (40° 37’ N., Carroll Co.) 
an island had a large second bottom area of which 
2.7 aeres were contained within the sampling strip 
boundaries. The dominant, hackberry, was sampled 
with 12% standard error. Hackberry had V3; 27%, 
while American elm had 22%, syeamore 15%, and red 
elm 12%. Only 6 of the 19 species had importance 
exceeding 4%. The continuum index was 592. This 
was one of the few stations for Fraxinus quadrangu- 
lata. 

Crown cover was determined by sighting-rod in- 
terception (Lindsey 1955) on the center lines. The 
figure given is relative crown cover (C3), followed 
by percentage ground cover (C4) in parenthesis: 
hackberry 21% (29%), American elm 21.5 (29), svea- 
more 17 (23), red elm 11 (15), silver maple 10.6 (14), 
buckeye 5.7 (7.8), green ash 3.2 (4.4), redbud 2.5 
(3.4), and the remaining species approximately 1% 
or less for each cover expression. 

The stand dominant, hackberry, was outstanding 
in the reproduction size class also, with 41 individuals 
per acre. More abundant, but less significant be- 
cause of later high mortality due to decreasing 
tolerance as they mature, were the 55 young redbuds 
per acre. Although bur oaks numbered only 0.38 
mature trees/A, there were 9.5 smaller than 4 in d.b.h. 
Next was blue beech with 5.7, green ash 4.5, boxelder 
3, swamp white oak 2.6, Morus alba 2.3, and 1.5 each 
for American elm and Cornus florida. Six minor 
species had collectively 4.2 young trees/A. The 
unusual density of the shrub layer may underlie the 
low rate of tree reproduction. Masses of understory 
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Staphylea trifoliata and Asiminia triloba were equally 
common but generally separate; both were too num- 
erous to count or estimate density but each had SR 7. 
Only at this station was Asimina found fruiting, or 
of a size indicating maturity. With the tallest one 
20 ft, 7 individuals greater than 2 in d.b.h. were 
noted. Spicebush (SR 6) was associated with the 
pawpaw but not with bladdernut. A conspicuous 
feature. of the shrub stratum was the extraordinary 
abundance of the peculiar angular-bodied gray spider, 
Micranthena gracilis Walckenser, and its webs. About 
80 stems/A of poison ivy occurred, but these were of 
the ground form rather than lianas. This is rela- 
tively low density for the plant, and was due to the 
heavy shade. Other shrubs and vines were sparse 
enough to be counted in the large sample area. Cornus 
alternifolia had 7.9 stems/A, Smilax hispida 11, 
Campsis radicans 11, Menispermum canadense 10.6, 
woodbine 6.4 (which is very low for a second bottom 
site), elderberry 3.8, Vitis spp. 4.5, and coralberry 1.9 
Combining the minor species Cornus racemosa, Cory- 
lus americanus, Clematis sp., Ribes americana, Cela- 
strus scandens, and Viburnum prunifolium gave 4.4 
stems/A. Evonymus obovatus formed small seattered 
patches of low ground-cover. 

Stratum ranks were assigned to the herbaceous 
species. The grasses Poa pratensis, Glyceria striata, 
and Panicum clandestinum each had SR 3, and Leer- 
sta lenticularis 2. Kupatorium maculatum was SR 5, 
and E. serotinum 4. Species of Carex collectively 
ranked 4, as did Polygonum scandens and Asarum 
Laportea, often the dominant herb, and 
Pilea pumila each ranked only 3, as did Lobelia siphi- 
litica, and Smilacina racemosa. Ranks 1 or 2 applied 
to a great number of herbs. 

The largest island in the Tippecanoe, because it 
is the farthest one downstream (40° 32’ N.) and is 
backflooded by the Wabash, has the highest second 
bottom level (12 ft) above the normal summer stream 
level. Its soil is fine sendy loam. This hackberry- 
maple-elm stand was sampled by strips which in- 
eluded 2.3 acres. The continuum index was 624. 
Hackberry predominated in the tree reproduction 
stratum. The extremely dense, tall Laportea seemed 
to inhibit tree reproduction. Poison ivy had SR 6, 
elderberry 5, and Vitis vulpina, Smilax hispida, and 
Evonymus atropurpurea each had 4. The stratum 
rank figures were high for the herbs because of the 
limited variety. The SR was 8 for Laportea, 5 for 
Poa sylvestris, Glyceria striata, and Pilea pumila, 4 
for Urtica procera, Elymus virginiana, Impatiens 
spp., Viola sp., and Smilacina racemosa, and 3 for 
Eupatorium maculatum and Arisaema Dracontium. 

The island at 40° 54’ (Fig. 34) has a much more 
advanced stand on the second bottom because of the 
less extreme fluctuation of water level farther up- 
stream, although it is only 5 ft above the average 
water level. This is the nearest island to the White- 
Pulaski County line. The soil mineral matter showed 
75% sand, 16% silt, and 9% vlay. Organie matter 
was 1.9% of the total soil, which is not unusual for 
flood plain soils. The moisture equivalent was 9.4, 


candensis. 
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Fig. 34. An island in the Tippecanoe 
sampled in the study of second bottom stands, 
maple. Photo, October, 1956. 


permanent wilting percentage 7.9, growth water 1.5, 
and pH 7.8. The low growth water storage capacity 
would present a serious problem during droughts if 
the roots were not within reach of capillary water 
from the stream. 


The continuum index of 752 was the highest 
found for a Tippecanoe second bottom forest. Of the 
15 species, hackberry had V3 30% and basswood 


25%. Redbud ranked third in Vz with 17%, be- 
cause its Dy (45) was the highest in the stand. This 
intolerant species would not be expected to be so prom- 
inent in a stand with such high total density (157) 
and basal area (164 sq ft) per acre; its importance 
probably reflects a history of cutting disturbance, al- 
though no stumps were present. 

The earlier species were being supplanted by 
others higher in the sere. Silver maple was third in 
basal area but only sixth in density, while bass- 
wood was second in each. Bitternut hickory, Gym- 
nocladus, and bur oak were competing successfully in 
the smaller size classes, but green ash was not. 

Third bottom stands, middle Tippecanoe River.— 
Galbraith Island (41° 02’) below Winamac has 3 
distinct alluvial levels. The uppermost is 8-10 ft 
above the stream, which is “ecologically higher” than 
the 12-ft second bottom of the farthest downstream 
Tippecanoe Island at 40° 32’. The third level con- 
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River, just south of the White-Pulaski County line, which was 


Light colored crowns are largely silver 


sists of a 60-ft wide ridge of loamy fine sand; the 
second, or 4-6 ft, level, is the same texture. 

For comparing the stands of the second and third 
levels of this island, the V, for the latter are given, 
followed in parentheses by that for the same species 
on the second bottom, if the species occurred there. 
The importance, then, for basswood was 36 (33), 
swamp white oak 27 (1.3), northern red oak 16 (6.2), 
redbud 10 (8.9), bitternut hickory 7.1, Kentucky cof- 
fee tree 2.1, and Carya glabra 2. Those found on 
the second level and not the third were hackberry 11, 
silver maple 11, green ash 9.2, American elm 4.6, 
river birch 4.4, sycamore 4.2, and red elm 3.4, with 
boxelder, walnut, and mulberry less than 1. The 
continuum indexes were 848 (the highest for any 
Tippecanoe river level) and 675, respectively. 


Unusuatty LARGE TREES oF BoTTroMLAND 

The well-watered rich alluvium of the Wabash 
flood plains supports some extremely large trees, 
although they are very scarce to-day compared with 
their profusion in those virgin stands described by 
Ridgway (1872, 1876b, 1882, 1883) for the Lower 
Wabash Valley. 

Laughlin (1947) reported maximum species mea- 
surements of living trees in Indiana, Michigan, Wis- 


consin, Illinois, Missouri, Arkansas, Kansas, and 
Oklahoma. Comparison of our data with his under- 
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scores the tree-growing capacity of the Wabash Val- 
ley. Although no special search was made for large 
specimens, they were measured by diameter tape 
during our routine sampling of stands, and inci- 
dentally at other sites. The measurements given are 
all d.b.h., except where, as noted, the tape was placed 
higher to avoid butt swell. A great cypress (Fig. 
32), still standing in 1960, has been mentioned. 

The best single aggregation of huge trees was 
found in a great bend in the Wabash below Perrys- 
ville (Mile 263.5. Lat. 40° 0214’). Figure 35 shows 
the largest one of a line of old silver maples border- 
ing a shallow trough. Its d.b.h. was 72.2 in.; possi- 
bly this trunk resulted from coalescence of more than 
one original stem, but, even so, associated silver maple 
stems typically diverge from a single root system, 
making the tree a single organism as well as a biologi- 
eal and phytosociological unit. A nearby maple 
measured 70.5 in d.b.h., and another, 63 in. Nearer 
the riverbank a number of large syeamores ranged 
downward in size from the 70.0 in. individual shown 


in Figure 36. The largest silver maple reported for 


the Midwest by Laughlin (1947) was 46 in. and the 
largest sycamore, from Turkey Run State Park, In- 
diana, 57 in. 





P ‘ «a 





which measures 72.2 in. 
Photograph 1957. 


Fig. 35. Acer saccharinum 
d.b.h., at Perrysville, Indiana. 


A hackberry on the high bottom at New Harmony 
measured 69.1 in d.b.h., whereas Laughlin’s maxi- 
mum for the species was 44 in. It is in the back yard 
of the old brick community house of this historic set- 
tlement. The next hackberry in girth was a 47 in. 
one measured at Mt. Carmel. 

A tall cottonwood below the bridge at Norway 
measured 67.1 in. d.b.h. Large ones elsewhere were 
53.8 and 51.2 in. Laughlin’s record size was 52.5. 
Cottonwood grows very rapidly, but appears to be 
more subject: to windthrow than the associated silver 
maple. The largest black willow was 67.3 in., the next, 
64.2 in. 

A northern red oak in the cut-off loop opposite 
New Harmony attained 56 in. d.b.h., and a bur oak 
there 50 in. A pin oak in southern Vigo County was 
50.1 in., 3 in. larger than the Missouri specimen listed 
by Laughlin, and a Quercus lyrata in the same region 


was 40.5. In the second terrace edaphic climax near 
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d.b.h., in the 


Fig. 36. Platanus occidentalis, 70 in. 


same stand as Fig. 35. 


Logansport, beech attained 42.7, whereas the largest 
beech trunk we measured in Indiana (on an upland 
site at Moorefield, Switzerland County) was 46.6 in. 

The largest green ash was 43.0 in., exceeding 
Laughlin’s by 2 in. Sweet gum was recorded as 31.3 
in., though larger ones may occur. 


RipGway’s PHOTOGRAPHS OF WABASH VALLEY TREES 
in 1880-1890 

The naturalist Robert Ridgway was born in 1850 
at Mt. Carmel, Illinois; he was there associated with 
the botanist Dr. Joseph Schneck. He also lived for 
some time at Wheatland, Indiana, on the White 
River. His studies were not exclusively ornithological, 
for his publications (1872, 1874, 1876a, b, 1882, 1883, 
1894) on the forest and swamps of the Lower Wabash 
Valley provided excellent general vegetational descrip- 
tions. He was particularly interested in establishing 
authentic maximum size records of trees on the Wa- 
bash flood plain. Since only his 1894 paper was 
illustrated, it is fortunate that a collection of his 
original prints have come to light. Ridgway sent 
these photographs to C. C. Deam in 1919, with de- 
seriptive data on the backs and in an accompanying 
letter. Much of this letter and 3 of the photographs, 
were published by Prof. Daniel DenUyl (1958) to 
whom we are indebted for allowing us to select from 
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the unpublished prints for use herein. (In DenUyl’s 
Figure 1, the man at the left was identified by Wil- 
liam T. MeAtee as Ridgway.) 

The exact site of Ridgway’s photograph of the 
mouth of the White River, from Mt. Carmel, was 
relocated, and a modern photograph taken. Because 
tree growth on the Illinois side somewhat obscures the 
view to-day, the contrasting photographs are not 
presented. Except for one fence-row, the two views 
show very little similarity. The unbroken 
line of tree tops on the Indiana flood plain in the 
earlier print has given way to a ragged line with 
Ridgway (1872) described this 


almost 


numerous openings. 
specific area: 

If the forest is viewed from a high bluff, it presents 
the appearance of a compact, level sea of green, ap- 
parently almost endless, but bounded by the line of 
wooded bluffs three to seven miles back from the river; 

. the general level broken by oceasional giant trees. 


By aseries of careful measurements, he determined 
the average tree-top level as 130 ft. The “by no 
means infrequent monarchs attained more than 180 
ft,” and the sycamores and tulip trees approached 200 
ft. 





1888, of 
‘faverage sized mature Taxodium near the mouth of the 
White River.’’ 


Fig. 37. Robert Ridgway photograph, 
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Several of the old photographs were taken in 
Little Cypress Swamp across the Wabash from Mt. 
Carmel, which was one of our stations also. Ridgway 
gave its area as 20,000 acres, 

most of which is timbered more or less with 
Bald Cypress. . The finer trees have been cut and 
rafted off for shingles, so that the remnant was un- 
doubtedly a poor sample from which to judge the 
character of the original growth. Certain it is that 
several stumps where cut off measured nine and ten feet 
across, while one was usually if not always eut at the 
beginning of the cylindrical portion, . . . some of those 
felled far exceeded in dimensions any now standing. 


The latter was represented by Figure 37, labelled 
“average sized mature Taxodium” on his July, 1888, 
print. A charred cypress stump photographed at the 
same place had a diameter, above the swell, of 84 in. 

Ridgway wrote (1876b) of Little Cypress Swamp 
that the conical bases of the trees were “growing so 
near together that the intervening spaces are entirely 
taken up by the knees, the whole surface thus being 
an irregular wooden one, with soil or water only in 
the depressions.” He told of becoming completely ex- 
hausted by penetrating a few yards into the swamp. 

The four tulip trees (Fig. 38), photographed by 
Ridgway in 1888, ranged from 5 to 7 ft d.b.h. “The 
following year I revisited the locality and these trees 





Fig. 38. Four Liriodendron tulipifera in 1888, the 
largest 7 ft. d.b.h. Robert Ridgway photo. 











Fig. 39. July, 1890, view of pin oak (Quercus palus- 
tris) in the Wabash bottoms, 4 or 5 mi south of Vin- 


cennes. Robert Ridgway photo. 


had all been felled” is noted on the print. Pin oak 
with a remarkable clear length is depicted in Figure 
39, also south of Vincennes. 

A Shumard’s red oak he photographed in the 
Wabash bottom below the mouth of the White River 
was 6 ft in diameter at 12 ft above the spurs. The 
base was 12 ft across. Ridgway noted that within 
100 yds of this oak were two black walnut trees, each 
6 ft in diameter above the swell. 


DiscUSSION AND CONCLUSIONS ON STANDS 

The Continuum.—The flood susceptibility con- 
tinuum graph (Fig. 31) was constructed, as described 
under “Methods,” for the 15 tree species of major 
importance. When data for 12 other species of less 
importance were also considered the species were fair- 
ly well distributed across the gradient from tolerance 
to susceptibility of high water, in that every division 
(100 units) contained the importance peaks of at 
least 2 species. The 200-299 division had bald cypress 
and green ash, the 300 division had cottonwood, black 
willow, and pecan, the 400 contained silver and red 
maples, the 500, pin oak, sycamore and red elm, the 
600 had American elm, walnut, boxelder, bur oak, 
sugarberry, honey locust, and Kentucky coffee tree, 
the 700 hackberry, basswood, redbud, and buckeye, the 
§00 had bitternut hickory, black maple, swamp white 
oak, and cork elm, and the 900-1000 group had red 
oak and Shumard’s oak. These relative positions 
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are more conclusive than those based on heights above 
the river level. 

The wide range of occurrence of most species, 
through stands of widely different continuum index, is 
another feature of this continuum. Silver maple had 
an especially widespread, high, and symmetrical curve 
(Fig. 31). The extreme types, cypress-silver maple 
at the tolerant end and beech-maple at the suscepti- 
ble extreme, are patently distinct communities, and do 
not constitute pioneer and climax ends of a single sere. 
(The basis of the graph was not seral but more di- 
rectly physiological.) While names may be given to 
intervening types for convenience in discussion, 
whether these are considered as successional stages or 
minor edaphic climaxes, there are no natural dis- 
continuities in the series to encourage or guide such 
procedure. It is concluded that the stands on Wabash 
and Tippecanoe alluvium form a true continuum. This 
has been evidenced, not with reference to an Acer 
saccharum environmental complex, in which macro- 
climate is influential, but with major emphasis on the 
harmful or lethal effects of flooding, which in river- 
side habitats far outweigh the relatively minor climat- 
ic differences within the area studied. Because of 
this difference in approach, it would have been un- 
satisfactory to have excluded seral stages, as workers 
have done in upland continuum studies. 

Except for those few stand dominants with range 
limits in the area, the species and importance of the 
major trees are determined by edaphic or physio- 
graphic factors, successional status, or seeding history, 
but very little by climate. The exceptions occur main- 
ly along the far southern Wabash. 

Chiefly because the flood stress is far lower on the 
smaller, less fluctuating stream, the variety and pro- 
fusion of herbs, shrubs, and vines are much more 
pronounced along the Tippecanoe than the Wabash. 
This applies from the submerged aquatie vegetation 
up through the various zones, but the difference is 
particularly striking in data from the first bottoms. 

On the Wabash, 45 forest stands were sampled, 
and 11 on the Tippecanoe. Averaging the importance 
values, including zero ones, for cottonwood reveals 
that it is 6 times as important on the Wabash as on 
the Tippecanoe. This reflects the generally less ad- 
vaneed successional status of forests along the larger 
stream. River birch was 5 times as important on 
the Tippecanoe. It was absent on the Wabash flood 
plain southward until the cypress swamps in Knox 
and Posey Counties showed it. 

Sycamore is less prominent in the actual Wabash 
vegetation than in popular lyrics. It is intolerant 
to shading, and dense stands in floodplain old fields 
grow very rapidly in height. Large syeamcres are far 
less common on the banks of the Wabash than on 
slopes between first and second bottoms, especially 
along the slope-base. A sycamore near Workington, 
Indiana, said to be the largest broadleaf tree re- 
corded for the eastern United States, was 13.5 ft in 
diameter at 5 ft above ground (Deam & Shaw 1953). 

Change in Status of Liriodendron.—Although so 
common in Indiana that it is the official “state tree”, 
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Liriodendron tulipifera was not seen on Wabash 
alluvium, and was recorded only twice along the Tip- 
pecanoe. The loss of tulip tree has constituted a 
major change in Wabash bottomland forest since 
1875, when Ridgway saw it (Fig. 38) as a common 
flood plain species. Since his 1876a paper is not 
readily available (the journal ran only 3 years), we 
quote : 


In the State of Indiana it reappears in the greatest 
abundanee, the existing growth even surpassing in mas- 
siveness that of West Virginia, and a somewhat re- 
markable fact is that its appearance and dimensions are 
the same whether growing in low, wet bottom lands, sub- 
ject to annual inundation, or on the hilly lands where 
the conditions of the soil are widely different. In the 
lower Wabash Valley the Tulip Poplar was originally 
abundant, and it is still a very common tree, but so 
much destruction has been caused by the numerous saw 
mills. ... that no one can form an idea from the pres- 
ent remnant, of the gigantic dimensions of the trees of 
this species which stood in those magnificent forests. 


Ridgway pointed out that to have obtained actual 
maximum size measurements on tulip tree, his study 
should have been made years earlier, but that the 
figures give “a pretty correct idea of the usual size 
of such trees as were being cut for lumber in 1875.” 
In his table of tulip tree sizes in Posey County, 
Indiana, and Wabash County, Illinois, “each number 
denotes an actual careful measurement by the tape 
line, not a single estimate being admitted; the circum- 
ference is invariably above the swell at the base of 
the trunk. .. .” Height figures were from felled 
trees. The maximum diameter, based on his circum- 
ference figure, was 11 ft; the next was 7.5 ft. The 
average diameter of the 25 trees measured was 6.2 ft. 
In the 18 specimens where total length could be meas- 
ured the height ranged from 110 to 168 ft, averaging 
143.5 ft. Triangulation showed a height of 182 ft 
for a girdled tulip tree standing isolated in a large 
level corn-field in the bottoms. 


A prostrate one must have been still higher when 
standing, for at 150 feet from the base the branches 
were from 1 to 1.5 feet in diameter, the remaining 
portion having been broken and scattered by the fali 
of the tree, and afterwards collected for firewood. The 
total length was thus estimated at near two hundred 
feet. Several stumps are yet standing [1875] in the 
Wabash Valley which measure from nine to twelve feet 
in diameter, but there are few trees still standing which 
approach this size, 


The contrast between Ridgway’s observations and 
the modern absence of tulip tree indicates that it is 
not adapted to first bottoms, which are still wooded 
to-day, but originally oceupied the higher, better 
drained flood-plain areas where complete clearing later 
made way for cultivation, or woodlots were grazed or 
drastically cut over. Cypress, another valuable com- 
mercial species, persisted because it occupied the land 
least suited for agriculture. 
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CLIMATIC FACTORS 

This topic introduces the work on geographic 
range limits of plants along the Wabash and Tippe- 
canoe Rivers in relation to the influential climatic 
factors. Northern and southern range limits have 
been established as accurately as permitted by the 
data on herbarium sheets in various Indiana and 
Illinois herbaria. Some information was supplied 
from our field record punch cards and from corre- 
spondence with collectors. The major effort was 
devoted to finding the environmental factors along 
the south-flowing river system which control the 
species limits, and the best quantitative and graphical 
methods of expressing such factors. 

Coulter & Thompson (1885-6) recognized the pat- 
terns of distribution that have particular  signifi- 
cance to this problem. Friesner (1937) stated that 
“... over half of the species of ferns and seeds plants 
occurring in the state are ... on the borders of their 
present range.” He concluded that the southern bor- 
ders of 392 northern species do not show any certain 
correlation with meteorological data. 

Hutchinson (1918) considered the limiting factors 
of tree species distribution to be temperature, water, 
soil; humus, light, time, and competition. Dauben- 
mire (1956) summarized the history of climatological 
analysis in relation to vegetation. Visher (1944) 
offered a general description of Indiana climate. 
Lindsey & Newman (1956) introduced a method of 
obtaining degree-hours above various growth thres- 
holds. Using U. 8S. Weather Bureau Records and un- 
published 30-yr phenological records kept by C. C. 
Deam, they determined temperature-sum requirements 
for flowering, in many Indiana species, by an im- 
proved method. Our treatment of temperature data 
will follow this method in slightly modified form. 
For presenting several factors of climatic data, we 
have used polygonal graphing (Hutchinson, 1936, 
1940). 

Climatological data from 12 U. S. Weather Bureau 
Stations located along the river system (Table 7) 
were utilized (USWB 1953, 1948-57, and undated). 
All were within 6 mi of the river proper; most were 
within 1 mi. Of the 12, only 5 stations, fortunately 
well spaced along the latitudinal gradient, had ade- 
quate temperature data. These 5 provided the basis 
for all temperature data and part of the precipitation 
data. 

Certain climatie factors show significant relation- 
ships between plants and the latitudinal gradient. 
The raw data of the weather stations were analyzed 
and interpreted to enhance their usefulness in expres- 
sing the climatic stresses of plants at their range 
limits, with the aim of eventual recombination into 
climatic polygons representing the environmental com- 
plex from south to north along the river system. 


PRECIPITATION 
The amount of moisture available is varied by such 
factors as temperature, humidity, field capacity of the 
soil, evaporation, and air currents. Their effects on 
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TABLE 7. U. 8S. Weather Bureau Stations located 
along the Wabash-Tippecanoe River system. 








} | Height 
Station Latitude | Longitude| above 
| | Sea Level 
Temperature and Precipi- 
tation 
Mount Vernon, Ind...| 37° 56’ 87°54 | 415’ 
Vincennes, Ind....... 38° 41’ 87°32’ | 420’ 
Terre Haute, Ind.....| 39° 28’ 87° 18’ | 575’ 
Delphi, Ind..........| 40°35’ | 86°40’ 575° 
Winamac, Ind.......| 41°03’ | 86°36’ | 709’ 
Precipitation 
New Harmony, Ind...| 38°08’ 87°57’ | 384’ 
Mount Carmel, Ill....| 38°25’ | 87° 46’ 465’ 
Palestine, Ill......... | 39°00’ | 87°31’ | 445’ 
Covington, Ind....... | 40°08’ 82° 24’ | — 
W. Lafayette, Ind....| 40° 25’ 86° 55 620 
Logansport, Ind......, 40°45’ | 86°23’ | 590’ 
Monticello, Ind......| 40° 46’ 86° 45’ | 663’ 








the return of water to the atmosphere are difficult 
to determine, and information is generally lacking. 
The amount of moisture available to a plant remains 
one of the most elusive factors in climatic analysis. 

The normal monthly precipitation for each of the 
12 meteorological stations differed but little from one 
station to another in late spring, summer, and fall. 
Southern stations had higher precipitation in winter 
and in early spring as observed by Visher (1944). 
Consequently, the parameter decided upon was normal 
annual precipitation for each station. 

Normal annual precipitation (Fig. 40) decreases 
generally from south to north with striking deviation 
from this trend at Mount Carmel and Logansport. 
The pattern follows that of annual precipitation in 
the Eastern United States. 


Day LENGTH 


It is well known that day length has a certain 
amount of control over the distribution of plants. 
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Fig. 40. Normal annual precipitation in inches at 12 
meterological stations, for the period 1931-1952, plotted 
against latitude. 
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Visher (1944) mentioned an important relationship 
between photoperiod and temperature: 

In July the north of Indiana is almost as warm as 
the south despite the slightly lower sun because the days 
are longer and the nights shorter. Conversely in January 
the south is decidedly warmer than the north because the 
sun is higher, the days longer, and the nights shorter. 
Thus the temperature contrast between northern and 
southern Indiana is marked in the winter but small in 
summer, 


Northern plants genetically adapted to long days 
may be limited in their southern extension by the 
days of summer being too short to stimulate the de- 
velopment of flower primordia and subsequent flower- 
ing. 

The day length of June 22, to longest day of the 
year, was selected as an indicator of the length of 
summer days at a given latitude. This day length 
is given for the pertinent degrees and minutes of 
latitude in Fig. 41. 
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Fig. 41. June 22 day length in hours plotted against 
latitude. 


SumMerR HEat 

What the direct effects of the extremes of summer 
temperatures are on plants is largely a matter of 
conjecture. It is doubtful that plant tissues are ever 
killed directly in nature by high temperatures in 
Indiana. It is more likely that the effect of summer 
heat would act through other factors as suggested by 
by Diller (1935): “Increased temperature increases 
evaporation and consequently has the same ultimate 
effect as decreased water supply.” 

Workers in botany have realized the limitations of 
mean temperatures for expressing environmental con- 
ditions of plants. Mean temperatures have the dis- 
advantage of neutralizing daily high temperatures 
with daily low temperatures. Pearson (1924) showed 
vegetation to be better correlated with high tempera- 
tures than with means. He suggested that, where 
thermograph records are available, counting the hours 
under the thermograph tracing and above a tempera- 
ture line gives the degree-hours above a temperature 
threshold. The duration-summation method of Lind- 
sey & Newman (1956) gives the same result over a 
period of many days without a thermograph, from 
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daily maximum-minimum records only. Their method 
gives a more accurate summation figure than the older 
remainder index method (mean minus the threshold 
times 24), especially when the threshold is higher than 
the daily low. 

They assumed that the trace of the statistical day 
follows the pattern of an isosceles triangle, the apex 
of which is determined by the highest temperature. 
The base of the triangle is 24 hours long and its 
distance from the apex determined by the lowest 
temperature. 

The area used in computing heat sum is that above 
a temperature floor placed across the triangle. When 
the daily low is above the selected temperature floor 
there occurs a rectangle 24 hours in length and as high 
as the difference between the low and the temperature 
floor. This area is added to that of the triangle. 

The term “heat sum” is used for brevity and con- 
venience. Strictly speaking this value is a positive 
temperature sum above a selected floor level, and the 
“eold sum” to be introduced later is more properly 
a negative temperature sum below a selected tempera- 
ture ceiling, but such expressions are too cumbersome 
for frequent use. 
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Fig. 42. ‘‘Heat’’? summation formulas and diagrams 


illustrating the conditions for their use based on a 90° 
F temperature floor. 
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Two simple formulas may be used to compute the 
degree-hours of heat sum above a temperature floor. 
Obviously, to obtain values the daily high tempera- 
ture must be above the selected temperature floor. 
Only days meeting this requirement are used. 

When the daily low is at or below the temperature 
floor the formula 12 (high-floor)? / (high-low) is 
used. When the daily low is above the floor the 
formula used is 24 (low-floor) + 12 (high-low). 
These formulas give the area of the triangle (and 
rectangle, when it occurs) above the temperature 
floor. The formulas and the conditions of their use 
are given in Figure 42, using a 90° F temperature 
floor. 

By applying the duration-summation method to 
summer temperatures, expression is given not only to 
high temperature extremes but also the duration of 
high temperatures, which would have considerable ef- 
fect on transpiration rate and rate of evaporation 
from the soil. In practice, heat sums were read from a 
table based on the formulas. This was the un- 
published Lindsey-Newman master table with the 
headings shifted appropriately to give heat sums 
above the temperature floor. Details of this appli- 
cation are available in a thesis (Sterling 1958). 

To express the duration and intensity of summer 
temperatures a temperature floor of 90° F was found 
suitable. It confined computations to the four warm- 
est months of summer, June-September, and it nearly 
always provided values above zero for each station, 
even for northern stations where summer heat sums 
were relatively low. 

The degree-hours above 90° F were computed for 
the 5 primary weather stations over a 9-yr period. 
Analysis of additional years would have included 
months without any data. Figure 43 shows the yearly 
values; points for the northern stations are lower 
than points for the southern ones. The duration-sum- 
mation method has an advantage for ecological use 
over other ways of expressing long periods of record 
for interpreting plant range boundaries. Whereas 
averaging maxima would give an arithmetic mean, our 
average heat sum is the geometric mean of the areas 
of triangles. Hence, a warm year is automatically 
weighted in its contribution to the average, placing 
merited stress on the unusual summers of extreme 
heat as they contribute to the average (“normal’’) 
heat sum over a period of years. The latter index 
of the stress of temperature and related factors on 
plants (in critical range-limit positions) excels either 
the mean maximum or mean minimum temperature 
figure (Sterling 1958). 


WINTER CoLp 

Winter cold is effective in limiting the northward 
extensions of plant ranges. Also, plants are limited 
in their southern extension by insufficient cold. “There 
is abundant evidence that low altitudinal and latitu- 
dinal limits of many plant species are set by a point 
beyond which there are too few days of low tempera- 
ture” (Daubenmire 1956). 
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LATITUDE 
Fic. 43. Total summer heat sum (by years, 1948-56) 
in degree-hours above a 90° F floor for each of 5 
Weather Bureau stations (see text). 


A difficulty in using climatological data is the 
selection of values that adequately express the ef- 
fective coldness of a winter. “A plant may withstand 
an extreme of a given intensity for a short time, 
whereas the same temperature maintained for a longer 
period would prove fatal” (Daubenmire 1947). 
Duration as well as intensity must therefore be con- 
sidered in the expression of severe cold. 

The general duration-summation concept used to 
obtain summer heat sums is applicable in computing 
the degree-hours of winter cold below a selected tem- 
perature “ceiling.” However, it requires certain 
modifications. Rather than estimating the degree- 
hours under the peaks of a fluctuating thermograph 
trace, the “cold summation” method estimates the 
degree-hours in the troughs. Therefore the apex of 
the triangle is determined by the daily low and the 
base of the triangle by the daily high. 

As in the heat duration-summation method, the 
degree-hours were computed in relation to a selected 
temperature level, hereafter referred to as a “tempera- 
ture ceiling.” This is the selected level below which 
degree hours were counted in the computation of a 
winter “cold sum.” The formulas remain theoreti- 
cally the same, i.e., they give the areas of the triangle 
(and rectangle, when it occurs) below the tempera- 
ture ceiling. But the triangles are inverted, since the 
high exchanges function with the low in relation to 
the base and apex of the triangle. 

When the high is below the selected temperature 
ceiling the formula is 24 (cetling-high) + 12 
(ceiling-low). When the high is at or above the 
temperature ceiling the formula is 12 (ceiling-low )* / 
(high-low). These formulas and the conditions for 
their use at a 10° F temperature ceiling are pre- 
sented graphically in Figure 44. 

The duration-summation master table (rather than 
the formulas) was. used, by modifying the table 
headings again, as detailed by Sterling (1958). 
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Fig. 44. ‘‘Cold’’ summation formulas and diagrams 
illustrating the conditions for their use based on a 10° 
F temperature ceiling. 


The temperature ceiling of 10° F was selected to 
confine the computations to the 3 winter months 
December-February, and provide summation values 
above zero for most years even at southern stations, 
which would be expected to yield low cold sum values. 
The ceiling (10°) and floor (90°) were placed far 
apart since the concern here is not with growth thres- 
holds but with the temperature extremes likely to 
produce adverse direct or indirect effects on survival 
of a plant at its range limits, in competition with 
better adapted species which are not near their own 
range limits. Although the 10° and 90° figures are 
assumed to represent the start of unfavorable effects 
of winter cold and summer heat on the then-living 
parts of certain more sensitive perennials, the in- 
creased weighting toward the extremes, inherent in the 
method, places less importance on the selection of 
floor and ceiling points and more on the extremely 
low and extremely high temperatures of the actual 
record, 

Averages of cold sum values (Fig. 45) for each 
station over 9 yrs increase progressively from south 
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Fig, 45. Degree-hours of winter cold sum (at 5 
Weather Bureau stations) below a 10° F floor, averaged 
for the period 1948-1956. 





to north. Two rather sharp breaks occurred at Vin- 
cennes and Delphi. 

Cold summation is a mathematical approximation 
of the degree-hours of cold temperatures below a 
temperature ceiling. It is not an arbitrary value but 
is as close as is practicable to the actual cold sum, in 
the temperature range low enough to harm some 
Indiana plants in winter. Comparison of the 9-yr 
average cold sum with normal December, January, 
and February maximum and minimum temperatures 
(Sterling 1958) shows how inadequately average 
maximum and minimum temperatures express dif- 
ferences in winter cold at different stations. Cold 
sum utilizes daily maxima and minima for computing 
a more sensitive expression of low temperature stress 
on plants at their range limits. 

Since winter cold sum combines the duration as 
well as the extremes of low temperature, it indicates 
the penetration of cold into soil, rhizomes, roots, and 
stems; this implies damage or benefit to dormant 
plant tissues depending on whether the plant is a 
southern or northern species. It seems evident that 
there should be good correlation between winter dam- 
age to fruit trees and high cold sum. 


PoLYGONAL GRAPHS 

The 4 factors discussed above (normal annual pre- 
cipitation, day length, heat sum, and cold sum) were 
combined into a graphical representation called a 
climatic polygon. The range of each factor was set at 
100 units so that each factor had a potentially equal 
influence on the shape and area of the polygon. 

It was decided to have large polygons indicate con- 
ditions in the south portion of the latitudinal gradient, 
and smaller polygons conditions in the northern por- 
tion. To accomplish this, two inversions in the diree- 
tion of seale (Fig. 46) were necessary, for cold sum 
and day length, since their highest values were in the 
north. 

When percentage values of the range at each 30 
minutes of latitude were plotted and connected (Fig. 
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Fic. 46. Base seales for 4 climatic factors plotted as 
climatie polygons in Figure 47. The radius line for each 
factor is the entire intensity range represented, or 100%. 


47), there was a gradual decrease in size of polygons 
northward. From one polygon to another a regular 
decrease in the values along a factor radius means a 
regular decrease in that factor, large intervals indi- 
cate a rapid change in that factor for those latitudes, 
while small intervals reflect a slow change in that 
factor for those latitudes. 

Two inversions in the decreasing size of the poly- 
gons are evident, due to irregularities in the distri- 
bution of precipitation. 

The polygons give factor ranges that apply 
specifically in the deseription of climate along the 
Wabash-Tippecanoe River system. Data from an- 
other area must be analyzed in terms of its own 
environmental gradient. The ranges of values from 
other regions would usually differ from the ranges 
used herein; in such case polygons from elsewhere 
would not be comparable to those in Figure 47. For 
comparisons with most other regions, the actual data 
would be used instead of the polygons. 


SPECIES RANGE LIMITS 

It is a happy coincidence for Indiana ecology that 
we have in The Flora of Indiana (Deam 1940) a book 
that is considered the best of the state floras and in 
The Climate of Indiana ( Visher 1944) an outstanding 
compendium on the climate of this state. Deam in- 
cluded for nearly all species and many varieties a map 
showing the range by county colection record. Since 
its publication, annual reports of new county records 
have appeared as a series in the Proceedings of the 
Indiana Academy of Science. However, we have 
used instead the more primary and exhaustive record 
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Fig. 47. Climatie polygons for every 30’ of latitude 
along the Wabash and Tippecanoe Rivers. 


(basie to the annual reports), which is the set of 
species distribution map cards kept current by the 
Department of Botany at Butler University, Indian- 
apolis. Information about plants in the Illinois coun- 
ties bordering the southern Wabash River was 
obtained from Jones & Fuller (1955). From the two 
state floras, a preliminary list of northern and south- 
ern plants at their range limits was prepared giving 
the genus and species name, pattern of distribution 
and the county along the river in which the limit 
occurred. This list was checked and supplemented 
during visits to herbaria at Indiana University, Uni- 
versity of Illinois, Wabash College, DePauw Uni- 
versity, Butler University, and Purdue University. 

In each herbarium, specimen sheets were examined 
and information concerning the geographical location 
of each species in the county of its limit was recorded. 
Observations in the field and correspondence with 
various collectors added further data. Thus the lati- 
tudinal limits of species in the north-south valley 
(Fig. 30), and the occurrence of these limits on the 
flood plain, were determined. Each species was plotted 
at its latitudinal limits on a chart scaled in degrees 
and minutes of latitude. Rather definite limits for 
189 species and varieties were established. Of 107 
southern species limited in Indiana, 77 were limited on 
the flood plain proper and 30 on upland sites. Of the 
82 northern species only 30 were limited on the flood 
plain and the remaining 52 on the upland. The fact 
that more southern than northern species find their 
limits along the river system is probably a reflection 
of the general decrease in total number of species 
poleward. 

A summary of the range limits of plants along the 
latitudinal gradient is presented. For convenience 
the gradient has been divided into 10-minute segments 
and the species limited in that segment are listed. Two 
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lists are given, one for the northern limits of southern 
species and another for the southern limits of northern 
species. Plants limited on the upland are indicated 
(+). Estimated locations are indicated (*). Exten- 
sions of range resulting from the field work connected 
with this study are marked (+). These limits are 
believed to be accurate in the light of present knowl- 
edge. 

A list of southern species and varieties in the 10’ 
segment of latitude in which their northern range 
limit oceurs follows: 

37° 45'—37° 54’ 
Agave virginica 
Scutellaria australis 
Thalictrum perelegans 
37° 55’—38° 04’ 
Solidago Buckleyi 
38° 05’—38° 14’ 
No species found 
38° 


Asclepias variegata* 
Calycocarpus lyoni 
Centunculus minimus* 
Cyperus pseudovegetus* 
Festuca paradoxa 
Gonolobus obliquus* t 
Hymenocallis occidentalis* 
Iva ciliata 
Ludwigia glandulosa 
Penstemon alluviorum 
Polymnia uvedalia 

38° 25’—38° 34’ 
Aristolochia tomentosa 
Arundinaria gigantea 
Bignonia capreolata 
Catalpa speciosa 
Chaerophyllum tainturieri 
Cocculus carolinus+- 
Cornus foemina Willd. 
Cuscuta cuspidata 
Echinodorus radicans 
Gleditsia texana 
Gonolobus gonocar pos 
Heteranthera reniformis 
Hibiscus lasiocarpos 
Hypericum tubulosum var. walteri 
Tresine rhizomatosa 
Phaseolus polystachius 
Polypodium polypodioides var. michauxianum 
Quercus falcata 
Quercus prinus 
Ranunculus oblongifolius 
Spermacoce glabra 
Ulmus alata 
Acer rubrum var. drummondit 


38° 35’—38° 44’ 


15’—38° 24’ 


Amsonia tabernaemontana var. salicifolia 
Carya texana 
Commelina diffusa 
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Erigeron pusillus 
Gleditsia aquatica* 
Magnolia acuminata 
Pluchea camphoratat 
Smilax glauca 
Triosteum angustifolium 

38° 45’—38° 54’ 
Cyperus ovularist 
Dioscorea quaternata 
Ilex decidua 
Krigia dandelion 
Paspalum fluitanst 
Pycnanthemum pycnanthemoides 
Taxodium distichumt 
Quercus stellata 

38° 55’—39° 04’ 
Arabis virginica + 
Celtis laevigata +- 
Forestieria acuminata +- 
Phoradendron flavescens 
Pyrrhopappus carolinianus 
Quercus marilandica 
Sagina decumbens + 


4 


Strophostyles leiosperma t¢ 

39° 05’—39° 14’ 
Aristida ramosissima t+ 
Carya pallida + 
Commelina virginica 
Cuscuta compacta 
Hypericum drummondii + 

39° 15’—39° 24’ 
Draba brachycarpa ¢ 
Gillenia stipulata * + 
Liquidambar styraciflua +- 
Monarda bradburiana * + 
Quercus lyrata + 
Senecio glabellus 
Smilax pulverulenta * 

39° 25’—39° 34’ 
Echinodorus cordifolius 
Geum canadense var. grimesii * + 
Trautvettaria carolinensis 

39° 35’—39° 44’ 
Elephantopus carolinianus + 
Luzula echinata 

39° 45’—39° 54’ 
Diospyros virginiana t+ 
Habenaria peramoena * + 
Obolaria virginica + 
Vitis palmata 

39° 55’—40° 04’ 
Clematis Pitcheri 
Corallorrhiza Wisteriana 
Helianthus microcephalis + 
Hibiscus moscheutos 
Ipomoea lacunosa 


Viburnum dentatum 





40° 05’—40° 14’ 
Ampelopsis cordata t 
Carya illinoensis 
Nyssa sylvatica var. sylvatica + 
Verbensina helianthoides + 

40° 15’—40° 24’ 
Agrostis elliottiana 
Nothoscordum bivalve * 
Penstemon tubaeflorus 
Phyllanthus caroliniensis + 
Physalis pubescens + 

40° 25’—40° 34’ 
No species found. 

40° 35’—40° 44’ 
Cacalia muhlenbergia * 
Passiflora incarnata f 
Viburnum molle 

40° 45’—40° 54’ 
Clematis viorna t+ 
Dioscorea hirticaulis + 
Passiflora lutea var. glabriflora + 
Phacelia bipinnatifida 
Valeriana pauciflora 


The following is a list of northern species and 
varieties in the 10’ segment of latitude in which their 


southern range limit oceurs: 

38° 05’—38° 14’ 
Calamagrostis canadensis 

38° 15’—38° 24’ 
Lysimachia thyrsiflora 

38° 25’—38° 34’ 
Artemisia biennis 
Najas flexilis 

38° 35’—38° 44’ 
Anacharis occidentalis * 
Gerardia paupercula * + 


Helianthus occidentalis * + 
* 


38° 45'—38° 54’ 
No species found. 
38° 55'—39° 04’ 


Parnassia glauca 


Aster lucidulus 
Floerkea proserpinacoides 

39° 05’—39° 14’ 
No species found. 

39° 15’—39° 24’ 
No species found. 

39° 25’—39° 34’ 
Besseya bullii * + 
Lathyrus palustris 
Teucrium occidentale + 

39° 35’—39° 44’ 
Epilobium leptophyllum Raf. + 


* 
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39° 45’—39° 54’ 
Habenaria psycodes + 
Viburnum lentago * t 
39° 55’'—40° 04’ 
Gentiana procera t 
Juncus brachycephalus 
Scutellaria galericulata 
Stachys palustris var. homotricha 
40° 05'—40° 14’ 
Angelica atropurpurea * 
Diervilla lonicera t 
Galium asprellum 
Heracleum lanatum + 
Maianthemum canadense { 
Stipa spartea 
Vaccinium canadense + 
40° 15’—40° 24’ 
Anemone cylindrica 
Aster sagittifolius var. urophyllus ¢ 
Equisetum fluviatile 
Eriophorum angustifolium 
Gentiana crinita * 
Lobelia kalmii 
Muhlenbergia racemosa 
Rhynchospora capillacea 
Solidago ohioensis 
Viburnum affine 
40° 25’—40° 34’ 
Arenaria lateriflora + 
Cirsium hillii + 
40° 35’—40° 44’ 
Aristida intermedia 
Campanula rotundifolia var. intercedens ¢ 
Galium trifidum * 


Hieracium canadense var. fasciculatum Pursh. 


Potentilla fruticosa 
Trientalis borealis * + 

40° 45’'—40° 54’ 
Agrostis scabra + 
Aster dumosus + 
Calamagrostis inexpansa { 
Chimaphila umbellata var. cisatlantica { 
Epilobium angustifolium t¢ 
Galium boreale var. hyssopifolium t¢ 
Galium boreale var. intermedium t+ 
Galium boreale var. typicum t¢ 
Gerardia paupercula var. borealis t 
Hepatica americana t+ 
Hierochloe odorata + 
Hypericum majus + 
Liparis loeselli + 
Lupinus perennis ¢ 
Lysimachia terrestris 
Myriophyllum exalbescens ¢ 
Panicum implicatum + 
Potamogeton zosteriformis ¢ 
Prunus pumila + 
Pyrola elliptica + 
Salix bebbiana + 
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Stachys hyssopifolia t 
Tofieldia glutinosa + 
Triglochin maritima t¢ 
Vaccinium angustifolium + 
Zigadenus glaucus + 

40° 55’—41° 04’ 
Hypericum kalmianum * ¢ 
Polygonum careyi t 
Vaccinium corymbosum t+ 

41° 05’—41° 14’ 
Corydalis sempervirens + 
Geranium bicknellii + 
Glyceria canadensis 
Hypericum canadense + 
Ranunculus pennsylvanicus + 
Salix lucida + 


The species range limits are far from uniform in 
different parts of the latitudinal sequence; some of 
the 10’ intervals had no northern species limited there- 
in, while one had 26. In general, more northern range 
limits (of southern species, Fig. 48) occurred near the 
southern end of the sequence, and more southern range 
limits (Fig. 49) toward the northern end. A large 
number of southern species was limited at 38° 30’. 
Nearly all of these were in southern Knox county 
across the river from Mt. Carmel, Illinois. South of 
this point there are considerably fewer plants limited. 
North of 38° 30’ there is a gradually decreasing num- 


ber of species limits. 
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Fig. 48. Latitudinal location (by 10’ segments) of 
the northern range limits of southern species along the 
Wabash-Tippecanoe system. Number of plant species on 
vertical axis, 


An unusual number of northern species was limited 
at 40° 50’ (Fig. 49). Most of these specimens were 
collected in upland sites near morainal Lake Cicott 
and a swampy woods 7 mi northeast of Logansport. 
This aggregation of species cannot be entirely a result 
of edaphie factors, since such habitats veeur south of 
this area. Southward from that point a decreasing 
number of northern species is limited, especially south 
of 40° 00’. 
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Fig. 49. Latitudinal location (by 10’ segments) of 
the southern range limits of northern species along the 
Wabash-Tippecanoe system. Number of plant species on 
vertical axis. 


Comparison of the two divisions of the bar from 
10’ intervals in Figures 48 and 49 shows the tendency 
of southern species to reach their farthest range limits 
in the bottomland, while northern species are likely to 
have their southernmost limit on the upland. 

The 7 extensions of range resulting from our field 
collections are all in northern limits of southern 
species. 

Not all species gradually thinned out to the ex- 
treme limit. Texas Adelia (Forestiera acuminata) 
was found in considerable numbers at 7 stations with- 
in 5’ of its new range limit of 39° 00’ in Sullivan 
County. 

Other new northern limits in the valley region 
were Cocculus carolinus 38° 27', Arabis (Sibara) vir- 
ginica 38° 57’, Celtis laevigata 38° 59’, Quercus lyrata 
39° 17’, Dioscorea hirticaulis on the Tippecanoe at 
40° 53’, and Liquidambar. 

The northernmost sweet gums in the Wabash Valley 
were sought diligently when they were in conspicuous 
autumn coloration. The definite range limit was found 
at 39° 17’ N, in southern Vigo County, where there 
was an isolated group of 3 trees. The largest, oldest 
tree was 24 in. d.b.h., the others were 10 in. and 
located 150 yds north of the parent tree. No other 
sweet gums of any size occurred nearby. Presumably 
the large tree became established during a favorable 
(probably warm moist) year, and gave rise to the 
younger ones during a later such year or years. Braun 
(1951) wrote that sweet gum is actively migrating 
northward into glaciated territory. Planted speci- 
mens thrive on the Purdue campus at 40° 26’ N. 

Hot dry summers may affect not only southern 
range limits of northern species, but also the northern 
limits of southern aquatic plants. Cambomba caro- 
liniana, reported by Schneck in 1876 as common 
in the deeper ponds of the Lower Wabash Valley, is 
now extinct in Indiana. Deam (1940) attributed its 
disappearance to droughts after finding the ponds 
dry for two years in 1930-31, when “The drought 
probably killed many other species there.” Heat sums 
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computed for this region showed that Princeton (near 
Foote’s Pond, where Ridgway and Sehneek found 
Cabomba common, and Deam and we found none), 
had a normal (1918-48) summer heat sum above 90° 
F. of 729 degree-hours; but for the summer of 1930 
the sum was 2105. 

In contrast, after long absence, the American Lotus 
(Nelumbo pentapetula) can reappear in ponds from 
buried seeds of remarkable longevity. Ridgway 
(1872) reported it*from Little Cypress Swamp, Knox 
County, in 1871. Schneck found it common in ponds 
in the Lower Wabash Valley in 1876, but Deam 
(1940) reported its complete disappearance from that 
region. It has now reappeared in Horseshoe Pond, 
38° 36’ N, in Knox County, 7 mi southwest of Vin- 
cennes. The landowner stated that the species was 
not planted, and that the entire pond had been dry 
and in cultivation in 1954. In 1956, lotus had stratum 
rank 3, Ranunculus flabellaris 3, and Nymphaea 
tuberosa 1, as did Armoracia aquatica which provided 
a new county record. 


DISCUSSION AND CONCLUSIONS ON 
CLIMATE AND RANGE LIMITS 

Deviation of a factor from a steady progression in 
the gradient brings about an inversion (crossing of 
lines from different polygons) or at least a distinet 
departure from parallelism. Such a climatic deviation 
at a given latitude was associated with a deviation 
from the more usual number of species having range 
limits near the same latitude. 

Unquestionably, each of the many species should, 
in the final analysis, be examined as a separate aute- 
ecological entity as ecology advances. In our study all 
species having limits in a given latitudinal interval 
are grouped, with the aim of finding significant over- 
all trends. 

The extension of southern species up the Wabash 
and aggregation of 40 species and varieties within 


‘430 of latitude from 38° 15’ to 38° 44’ (Fig 48) is 


associated with three circumstances. North of this 
area there is a sharp decrease in heat sum (Fig. 43) 
but a gradual inerease in cold sum (Fig. 45). A very 
high normal precipitation oceurs in the area of these 
aggregated species limits, but immediately to the 
north, precipitation falls off at a rate greater than 
that over the curve as a whole. Southern species in 
the north seem to be favored about equally by high 
summer temperature and high precipitation. The pre- 
cipitation at Mt. Carmel is well distributed through- 
out the vear and buffers these species against effects 
of extreme heat and extreme cold. 

Progressing northward from Mt. Carmel, where 
the average summer heat sum is 550 degree hours 
(above 90° F), the heat sum falls off rapidly, and 
coincidentally many southern species drop out. A 
high level would favor growth and reproduction of a 
southern species in the north given sufficient moisture. 
Thus the same expression of summer temperature re- 
flects both beneficial effects on southern and adverse 
effeets on northern species. 
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Unpublished work by Lindsey yielded heat sums 
(above the 90° F floor) for 21 upland weather sta- 
tions, well scattered over Indiana, for 1931-1948. 
The highest heat sum figures in the 18-yr period were 
in the summers of 1934 and 1936, which were severe 
drought years, as indicated by low corn yields. High 
heat sum and low precipitation in Indiana are di- 
rectly correlated, and the high temperature increases 
the severity of drought. This would harm the north- 
ern plant more than the southerri when their limits 
were coincident. 

The cold sum, in the area of concentrated limits of 
southern species, increased sharply northward to lati- 
tude 38° 40’. Beyond that point the increase was 
more gradual. The species involved do not extend 
north of the latitude where cold sum exceeds 350 
degree-hours below 10° F. 

An aggregation of the southern limits of 26 north- 
ern species occurred within 10’ of latitude between 
40° 45’ and 40° 51’ (Fig. 49). Most of these species 
and varieties are limited on the upland. Location at 
the south end of the Packerton Moraine, cold sum, 
and precipitation seem to be most closely linked to 
this aggregation of species. Cold sum (Fig. 45) in 
this area decreases rapidly southward until it reaches 
450 degree-hours at 40° 35’ where the decrease be- 
comes very gradual. Perhaps south of this point the 
winters are not cold enough to break the dormancy 
of these northern plants. Most of these plants have 
their limits near Logansport, on the Wabash River, 
where there is rather high normal precipitation in 
comparison with stations at the same latitude on the 
Tippecanoe River. This high precipitation seems to 
favor these northern species at their limits. Glacial 
history of the terrain and climatie factors together 
favor the extension of many northern plants to this 
point but no farther south (Fig. 49, highest bar). 

A comment by Visher (1944) may help to explain 
how southern species reach farther north on the flood 
plain than on the upland. He wrote that even small 
bodies of water in Indiana have a tempering effect on 
the climate of the area around them. 

A Bendix-Friez recording thermograph was main- 
tained in a white louvered shelter on the broad flood 
plain south of West Lafayette from February 9 
through 24. During these 2 wks some of the coldest 
and warmest temperatures of the winter occurred. 
The records were compared with synchronous records 
of a permanent meteorological station at the Purdue 
Agronomy Farm on Rt. 52, 5 mi distant but on the 
upland. The temperature tracing rose more slowly 
and fell more sharply at the flood plain station. The 
highs were about equal, but the lows (at night) were 
frequently as much as 6° F lower on the flood plain. 
In the spring this effect, whether caused by cold air 
drainage or the tempering effect of the cool northerly 
river water, would tend to delay the date of flowering, 
thus preventing damage to developing blossoms from 
late spring frosts. 

In summer a southern plant finds higher tempera- 
tures and more favorable moisture conditions on the 
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flood plain. The water table is usually closer to the 
surface than it is on uplands. The river tends to re- 
duce the vapor pressure deficit of the air, leading to 
conditions more like those of the main range of a 
southern species than are conditions on the upland, 

Climate has been shown to vary progressively from 
point to point along a north-south-gradient, but a 
description of the climatic complex would not entire- 
ly explain why plants are limited where they are, even 
if the requirements and tolerances of each species were 
known. Silver maple is a common street tree on up- 
lands, but in nature it competes successfully only on 
alluvium. It is relatively insensitive to climate. Some 
plants are limited directly by special physico-chemi- 
cal conditions, but in a study along 430 mi of stream it 
is seen that each edaphic factor shows little or no 
effective change with latitude, or, at least, any special 
habitats recur at many different latitudes. This dis- 
counts the importance of edaphic factors as range 
limit determinants on a long gradient of alluvium 
cutting across the parallels of latitude. On the other 
hand, the biotic factor, although difficult to deal with 
explicitly as an element in setting range edges, must 
be very important. Seedlings, under critical climatic 
conditions at such edges, would be greatly affected by 
competition from other species better suited to the 
given climatic conditions. If competition prevents 
ecesis or reproduction under given climatic conditions, 
both sets of factors together prevent extension of 
Major (1958) put it as follows: 


range. 
Competition as a phenomenon illustrated in plant com- 
munities cannot usefully be neglected, since it gives point 
to physiological data which would deseribe where plants 
grow. As a matter of fact no physiological data known 
to the writer have been able to explain why a particular 
plant grows naturally where it does without appealing to 
competition as a general term referring to the interrela- 
tions of plants. 


Since soil factors are relatively uniform on the 
floodplain surfaces throughout the considered latitudi- 
nal range of each of the two rivers separately, it is 
here mainly climatic factors which control the expres- 
sion of the plant’s relative competitive potential. 
Thus, climate influences range limits through competi- 
tively encumbering certain species relative to others. 
Some illustrations, from our field work and gleaned 
from others, lend support to this generalization. 

At Bluffton (40° 42’ N), on the upper Wabash in 
northeastern Indiana, Dr. Deam maintained for 35 yrs 
a private arboretum and botanical garden of native 
Indiana plants. “Perfectly hardy at Bluffton” is his 
comment on some of the most characteristically south- 
ern species, limited in Indiana to the extreme south- 
ern part. Of Aristolochia tomentosa, Deam (1940) 
stated “We have had it planted for years .. . it 
spreads vigorously by root suckers.” Also tolerating 
the hard winters there, well beyond their natural 
range limits, were Agave virginica, Amsonia Taber- 
naemontana var. salicifolia, Bignonia capreolata, 
Ampelopsis cordata, and Habenaria scutellata. 
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Redbud (Cercis canadensis) is rare in the north- 
ern counties of Indiana. An aerial reconnaissance of 
its northern range limit in western Michigan by Plum- 
mer (1954) during its blooming period showed it 
dropped out 2-4 miles west of Eastmanville just south 
of the Grand River. However, Dr. Norman Radforth 
(personal communication, 1953) reported that planted 
specimens do well in the Royal Arboretum at Hamil- 
ton, Ontario, Canada, although the twigs are often 
killed back by cold. According to Plummer, they can- 
not tolerate —15° F for long. It is a familiar fact 
that many southern species thrive outdoors in botani- 
cal gardens under man’s protection, considerably north 
of both the natural range and the latitude where they 
could survive competition if planted in the wild. 

Planted and doing well at the edge of an earthen 
fish hatchery pool at Norway, Indiana (40° 47’ N) 
was a cypress tree 8.6 in. d.b.h. and 36 ft tall. This 
was Taxodium distichum var. ascendens, the pond 
eypress. While 7. distichum var. distichum occurs 
naturally in Indiana as far north as Knox County, 
and planted specimens survive in northern Indiana, 
pond cypress occurs naturally on this meridian only 
as far north as southern Alabama. In the mowed Indi- 
ana site, the absence of competition by better adapted 
species compensated for the precarious physiological 
adjustment. 

This and the other examples indicate that the 
geographic range limits of a plant are not determined 
as directly by climatic factors as by competition. 
Probably competition, for most species, is immedi- 
ately or directly influential in limiting the range, with 
the plant’s inherent fitness for the climatic and edaphic 
situation important in its competitive potential. 

The rather scattered latitudinal distribution of our 
species range limits might be interpreted as support 
for Gleason’s statement (1939) that ranges terminate 
individualistically. But, in detail, the large number 
of limits in certain intervals, and total lack of them 
in other intervals tended to support the opposite 
interpretation. The data appear inconclusive in this 
matter. Nearly all the limited species were herbs; 
they were very rare near their range limits and were 
not character species denoting the community there. 
Hence, as a group they were far less significant in 
community studies than the important tree species, 
which definitely indicated a continuum interpretation, 
on the community level. 


SUMMARY 


The flood plains of the study extend along the 
Wabash and Tippecanoe Rivers for 430 mi of stream 
distance, and range through 230 mi of latitude. The 
glacial and post-glacial history of the region has 
been of major importance in determining present 
watershed characteristics. The coarser texture of 


Tippecanoe substrates, the much more regular stream 
flow, the much larger size of the Wabash River, and 
the climatic consequences of the latitudinal difference, 
provided the principal background for vegetational 
characteristics. 
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Samples of alluvial soil were analyzed for mechan- 
ical composition, organic matter content, pH, mois- 
ture equivalent, permanent wilting percentage, and 
growth water storage capacity. Although there is a 
tendency toward finer textured flood plain soils from 
upstream to downstream, the soil factor appeared to 
be more uniform than the other important habitat 
factors of plants there. 

During the general field work, environmental and 
botanical observations on 629 vascular plant species 
were recorded on printed forms and later punched 
into IBM ecards. Information was then tabulated by 
machine and analyzed. Estimations of heights of 
plants above or below the current water levels were 
translated into heights of plant stem-bases above or 
below the average water level at that point on the 
river. This mean is the only comparable basis for 
plants growing at different latitudes along the north- 
south stream flow gradient, and was determined from 
mean monthly discharge records and gage height- 
discharge rating tables of the U. S. Geological Survey. 
Finally, adjusted estimations were analyzed to find 
the relation of each species to the average water level. 
Most species occur higher above the average water 
level on the Wabash flood plain than on the Tippe- 
canoe. The Wabash has more frequent as well as 
greater fluctuations. Some species occur close to the 
average water level on both rivers. 

A medium-sized island, largely built by a single 
major flood 15 vrs ago, now supports both cottonwood 
and black willow up to 13 in. d.b.h. 

Typical physiographic categories of these flood 
plains are the aquatic, the water margin, backwater 
pockets, insular bars, point bars, cutbanks, the flood 
plain proper, and flood plain depressions. A far 
greater expression of aquatic vegetation was found in 
the Tippecanoe than in the Wabash. Ruderals played 
a very important role along the Wabash because of the 
erosional-depositional instability there. 

The main sere of the Tippecanoe flood plain in- 
cludes 7 basic stages. In order of succession, these 
are: a pioneer annual grass-forb stage, a perennial 
grass-sedge stage, a perennial forb-sapling stage, 
a sapling-woodland forb stage, an Acer saccharinum 
-Ulmus americana-Salix nigra stage, and, ultimate- 
ly, the flood plain edaphic climax stand. Along the 
Wabash the sere is made up of a pioneer annual 


erass-Polygonum-Aenida stage, a perennial forb- 
grass stage, an Acer saccharinum-Ulmus ameri- 


cana-Populus deltoides associes, and the terminal 
flood plain edaphic climaxes. The most advanced 
stand, on a loamy fine sand terrace still flooded oc- 
easionally, was Fagus grandifolia-Acer nigrum. 
Generally, allogenic factors were most significant in 
early seral stages, and autogenic ones increased in im- 
portance in later stages. 

In submerging experiments on 2-yr seedlings of 
4 Acer taxa, 3 taxa not only survived 8 weeks of 
continuous complete submergence, but excelled the 
controls in subsequent growth. 

In June, 1958, oceurred the third highest flood 
of record on the Wabash; this afforded a study of 
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silver maple growth under protracted inundation by 
use of a Fritts dendrograph attached to the trunk 
above the flood level. Radial growth definitely oc- 
eurred while the tree was in water and had been so 
continuously for 3 wks, but growth increased after the 
water receded. During the flood, these trees decreased 
in trunk radius in the afternoons; this was not so 
after the flood subsided. 

A summer flood in 1957 had made possible general 
observations on flood effects on growing vegetation. 
In February, 1959, the fourth highest flood of record 
was accompanied by an ice jam which at break-up 
caused unusual damage of several types to plant life 
along the Wabash. 

Detailed phytosociological analyses of 56 flood 
plain forest stands were made by methods and sam- 
pling intensities yielding less than 15% standard 
error for the dominants. Importance percentage was 
based on density and basal area values. Instead of 
climax-adaptation number, the tolerance to flooding 
exhibited by each species was rated on a 1-10 scale, 
which was used in computing a vegetational continuum 


index. On this basis, plotting the species curves for 
the various stands showed that the continuum con- 


cept applied very well to flood plain forests over the 
230 mi latitudinal, and accompanying ecological, gra- 
dient. On the Wabash flood plain the dominance 
ranges from bald cypress or post oak in the south to 
beech-maple in the north. The much greater import- 
ance of Populus deltoides on the Wabash and of 
Betula nigra on the Tippecanoe is noteworthy. 

The extremely variable herb and shrub layers are 
reported in terms of a new scale of relative promi- 
nence called “stratum-rank.” 

Several very large tree specimens (Taxodium dis- 
tichum, Acer saccharinum, Platanus occidentalis) have 
survived to the present. The lower Wabash alluvium 
previously harbored extraordinary forests and indi- 
vidual trees. Photographs taken by naturalist Robert 
Ridgway in 1880-1890 are published for the first time 
to document this point. Liriodendron, then important 
on the second bottom level, has since disappeared 
from the Wabash floodplain. 

Climatic conditions and range limits of northern 
and southern plants were studied. Four climatic 
factors were examined and put in forms believed to be 
most useful in deseribing environmental stress on 
plants at their range limits: day length, summer heat, 
winter cold and precipitation. 

The severity of summer heat was expressed using 
a duration-summation method for obtaining the 
degree-hours of heat above a temperature level of 
90° F. The severity of winter cold was expressed by 
the use of the duration-summation method for ob- 
taining the degree-hours of cold below a temperature 
level of 10° F. The 4 factors were combined into a 
series of climatic polygons which graphically de- 
seribed the environmental complex from south to 
north along the latitudinal gradient. 

Definite range limits for 189 species and varieties 
of northern and southern plants were determined. 
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Peculiar local aggregations were noted in the distri- 
bution of these limits, correlating with climatic: ex- 
pressions. It was concluded that the duration-summa- 
tion method is useful in expressing the influence of 
summer heat and winter cold on range limits. In 
terms of this method, northern species were limited 
southward by insufficient winter cold sum and low 
effective precipitation. Southern species were limited 
northward by insufficient summer heat sum, by low 
precipitation, and to a lesser degree by excessive 
winter cold sum. 
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INTRODUCTION 

There are at least two reasons for the importance of 
research with tracers in the miniature ecosystems, or 
microcosms, of aquaria. First, synecologists are sub- 
ject to the same basie frustration of scientific method 
as are sociologists—the near-impossibility of con- 
trolled experiment with the object of study. Tracer 
and other experiments with natural communities in 
the field are difficult, though not impossible; but arti- 
ficial, miniature communities in laboratories may per- 
mit effective experiments with many problems of 
biological communities. Second, radioactive materials 
are certain to have increasing use throughout the 
world, and some eseape of these materials into nat- 
ural environments is inevitable. Once escaped, radio- 
contaminants are subject to transfer and concentration 
in the complex functions of ecosystems, and for some 
radioisotopes considerable hazard results from these 
processes. Research on these transfer and coneentra- 
tion effects, and on the basic functioning of ecosystems 
which underlies them, is likely to be of distinet im- 
portance, both fundamental and practical, in the 
future. 

One element, phosphorus, is suited to exploratory 
work of this kind by the combination of its relative 
searcity in most environments with its essential place 
and relative abundance in the chemistry of living 
things, together with the fact that a radioisotope of 
intermediate half-life is available for research. Phos- 
phorus is also one of the elements of most concern 
where radio-contamination from atomic installations 
must be studied and controlled, as in the Columbia 
River at the Hanford plant (Coopey 1951, Davis & 
Cooper 1951, Olson & Foster 1952, Davis & Foster 

1This paper is based on work performed under Contract No. 
W-31-109 Eng-52 for the U. S. Atomic a 
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1958) and White Oak Lake at the Oak Ridge Na- 
tional Laboratory (Krumholz 1956). The present 
paper describes a series of experiments with radio- 
phosphorus (P??) carried out during the author’s 
work at Hanford, which were intended to bear on 
problems of P?? concentration into organisms in the 
Columbia River, and to provide also a picture of P%? 
transfer and concentration in aquarium communities. 
In contrast to the fairly numerous studies of P?? up- 
take and turnover in particular organisms, this work is 
an attempt, essentially exploratory in character, to 
deal with whole-community patterns of P%? transfer 
and coneentration. 

All these experiments were carried out in the 
Aquatie Biology Laboratory of the Biology Operation 
research organization, of the Hanford Laboratories, at 
the Hanford plant (Hanford Atomie Products Opera- 
tion), an Atomic Energy Commission establishment 
operated by General Electrie Company near Richland, 
Washington. The author is indebted to all of the 
Aquatie Biology personnel—especially R. F. Foster, 
manager, J. J. Davis, P. A. Olson, Jr., R. W. Coopey, 
C. Palmiter, D. W. Watson, and C. L. Cooper—for 
assistance of various kinds, for familiarity with the 
Columbia River research, and for discussions and 
suggestions which contributed to these experiments. 
The author is indebted also to H. A. Kornberg, 
manager of the Biology Section, and D. O. Kalkworf 
for suggestions, to R. E. Perey and W. H. Brayman 
for chemical and radio-chemical analyses, to D. W. 
Gaylor and others for statistical assistance and elee- 
tronic computation, to T. W. Galbraith for help with 
bacterial samples, and to all the personnel of Biologi- 
eal Analyses in the Biology Operation for their in- 
dispensable and most cooperative help in the handling 
of samples and counting plates. 














METHODS 


InpooR AQUARIA 

The indoor aquaria are 228-liter (=60 gallons) 
fixed or built-in tanks, of which the laboratory is 
provided with 12 in 4 banks of 3. The front walls 
of the tanks are of glass, the sides, back, and bottom 
of porcelainized steel; in each a steel drain tube 
extends upward from the drain to maintain a water 
depth of 52 em when the tank is full. Air was 
pumped into the aquaria through sintered glass dises 
near the bottom to provide oxygen and maintain a 
gentle circulation of the water. In earlier experiments 
the aquaria received reasonably equivalent illumina- 
tion from overhead lights and windows. In later 
experiments they were provided with opaque screens 
over the fronts and metal hoods over the tops to ex- 
clude outside light; and fluorescent lights in the hoods 
provided illumination. In later experiments the 
aquaria were equipped also with thermostats and 
heaters or glass-tube heat exchangers through which 
hot or eold water could be made to flow, to permit 
variation and control of temperatures. 

In order to sample algae and other organisms on 
the sidewalls, glass plates 8.9 em wide were placed 
vertically in the aquaria, against the walls. Trays of 
copper-free aluminum, 2 em deep and 8.7 by 11.1 em 
in area were placed on the bottom to permit sampling 
of bottom organisms and sediment. In later ex- 
periments, these trays were coated with “Krylon” 
acrylic spray to avoid exposure of the metal surface 
to the water. Such trays were used to contain a layer 
of mud, or sets of 4 microscope slides, or both in 
different trays, according to the purpose of an experi- 
ment. Removal of the trays without loss of organisms 
and sediment in the currents produced by moving the 
trays through the water was a major sampling prob- 
A special device was fabricated for this pur- 


lem. 
2 parallel, 


pose, an aluminum tube 1 m long, with 
overlapping aluminum plates, which fitted the inside 
dimensions of the trays, at the lower end and which 
were controlled by a plunger at the upper end of the 
tube. This device could be inserted into the aquarium 
with the plates in contracted position and lowered 
slowly until the plates were inside the rim of the 
tray. The plates were then released into expanded 
position by a spring; they then held the tray by its 
rim and sealed off its contents against water move- 
ments while the tray was raised to the surface. 
Macroscopic animals used in some experiments were 
removed with various kinds of nets; and samples 
of water and plankton were removed in 2-liter flasks. 
For this and all other purposes which required reach- 
ing into the radio-contaminated water, the investiga- 
tor was provided with a heavy rubber gauntlet, with a 
glove sealed to the lower end of a shoulder-length 
sleeve. 

The standard tracer introduction or radioisotope 
“spike” was 100 ue of P® in the water volume of 
approximately 200 1, introduced as phosphate ions in 
solution in water with carrier H,PO,, and stirred 
gently into the aquarium water. Because what happens 
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after P%? is introduced happens rapidly at first and 
more slowly later, a geometric schedule of sample 
intervals is desirable. The schedules for indoor ex- 
periments were based on intervals of 1, 2, 4,8... 
hours; and 12 sets of samples were removed 1, 3, 7, 
15, and 63 hours, 127 hours or 5 days, and 11, 18, 25, 
32, or 39, and 46 or 60 days after P®? introduction 
(or, in some experiments, the first 6 or 7 of these). 
Samples removed each time were as follows: 1) Two 
liters of water were removed and Foerst-centrifuged 
to obtain a “plankton” or seston sample. Some of 
the centrifuged water (100 or 250 ml) was also passed 
through filter paper (W. & R. Balston #5) for 
further removal of plankton and particles. Centri- 
fuge plankton samples and aliquots of the centrifuged 
and filtered water were dried on counting plates or 
planchets; and filter papers bearing plankton samples 
were dissolved in acid and plated. 

2) A glass sidewall plate was removed, and fila- 
mentous algae and other organisms were scraped from 
it onto one or more counting plates with a razor blade. 
When both sides of the plate had been scraped and 
rinsed with cold water, the plate was washed down 
with warm nitric acid to obtain P®? more closely 
bound to the glass surface. 

3) One or more bottom trays were removed. Bottom 
algae growing on glass microscope slides were scraped 
off into counting plates with a razor blade. In the 
mud trays a 2.5-em circle was marked on the surface 
of the mud; and the surface mat of filamentous algae 
and other organisms was peeled off with a scalpel and 
transferred to a counting plate. Additional mud, 
from layers 1 mm thick so far as possible, was re- 
moved and plated from the same circle. 

4) After removal of the microscope slides from a 
bottom tray, the water in it was transferred to a 
centrifuge tube; and the sediment from the tray was 
concentrated by centrifuging and plated. 

5) Snails and small fish, if any, were removed, 
dried, dissolved in acid, and plated. 

Centrifuge plankton, sidewall and bottom algae, 
sediment, mud, and animal samples were in ordinary 
procedure dried on the plates under an infra-red lamp 
adjusted to speed drying without boiling; and the 
dried samples were weighed on these plates. Filter 
papers were weighed for filter plankton dry weights, 
but reliability of the results was limited. Counting 
plates, and other samples to be plated, were submitted 
to the radiochemical laboratory of the Biology Opera- 
tion, for counting in a mica-window Geiger-Muller set. 


OvurTpoor Ponp 


The outdoor aquarium was an artificial pond with 
a circular conerete basin 9.15 m in diameter and 92 
em in depth at the perimeter, with the bottom sloping 
to 107 em depth at the center. The bottom of the 
pond was covered with water-worn rocks from the 
Columbia River to a depth of 15 em at the perimeter. 
30 em in the center. The pond was filled with 
uncontaminated river water on June 10, 1954. Micro- 
organisms from a natural pond were introduced, but 
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aquatic insects and other forms reached the pond by 
natural dispersal processes. When sampling began on 
July 26, the water had evaporated to a depth of 25 
em and volume of about 17000 1 above the rock sur- 
face. To compensate for evaporation, 3800 ] of water 
were added on August 5, prior to the 16-day sample 
on August 11; water levels and depth were slightly 
less at the end of the experiment (September 9) than 
at the beginning. Three sets of 8 sidewall plates 
were placed at different points on the walls. Water 
temperatures fluctuated with air temperatures, but 
were mostly between 22° and 26° C during the 
sampling period. 

The pond received 20 me of P*? on July 26; and 
samples were removed at 3, 6, 12, 24, 48, and 96 
hours or 4 days, 8, 16, 30, and 44-45 days after 
tracer introduction. Most samples were processed 
in the manner already described; the samples were: 

1) Three water samples of 2 1 each were removed 
from different points around the pond; samples of 
centrifuge and filter plankton and water were plated 
for each. 

2) Microcrustacea were strained through no. 10 
plankton netting from the 6 1 of water before centri- 
fuging; and larger samples were taken with a plank- 
ton net. Daphnia were abundant during the first 
samples (1-4 days), then dropped to such low popula- 
tion levels they could not be effectively sampled; 
copepods were sufficiently numerous to sample at 44 
days. 

3) Three sidewall plates were removed, scraped, and 
washed with acid. 

4) At each of 3 points around the pond, 3 rocks 
were removed. Algae and other attached organisms 
were scrubbed off the rocks with wire brushes and 
concentrated onto plates, and the rocks were measured 
and washed in warm nitrie acid to obtain samples of 
P®? more closely bound to surfaces. The most evenly 
rounded and flattened of the river-worn rocks were 
selected for this purpose. Since these approximate 
ellipsoids in shape, their surface area can be calcu- 
lated and levels of P*? per unit area of rock surface 
determined for hoth the serapings and the acid 
wash samples. 

5) The following macroscopic animals were removed 
in long-handled nets: 

a) Small mayfly nymphs or naiads (Callibaetis) 
were abundant during the early part of the experi- 
ment (1-16 days), then disappeared with their emerg- 
ence. Small damselfly nymphs were abundant in the 
last samples, 30 and 44 days. These small insects 
were plated as triplicate mass samples of numerous 
individuals. 

b) A breeding population of guppies (Lebistes) 
was maintained in the pond, and sets of 5 (in later 
samples 10) were removed and plated. 

c) Backswimmers (Notonecta) were abundant 
throughout the experiment and were classified by size 
and plated, the smaller nymphs in mass samples, 
larger nymphs and adults as individuals. 

d) Water striders (Gerris) were captured, and 3 
to 8 adults or larger nymphs plated as individuals. 
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e) Large dragonfly nymphs (Sympetrum) were 
removed in sets of 5 (in later samples 10) and plated 
as individuals. 

f) Sets of 3-10 diving beetles (Dytiscus) were 
plated as individuals. 

g) Animals which could not be obtained regularly 
but were sampled when possible included water boat- 
men or corixids, hydrophilid and gyrinid beetles, and 
shore spiders. 

For conversion of the data to total-aquarium con- 
tent of P®*, water and plankton values were multi- 
plied by water volume. Rock algae and surface 
samples were multiplied by the ratio of total area of 
the bottom (65.7 m*) to area of a rock sample, as 
determined by the ellipses formed by their largest 
diameters, in the horizontal plane. Algal growth was 
conspicuously greater on the concrete walls of the 
pond than on the glass sidewall plates—apparently 
about twice as great, though no accurate comparison 
was made. Sidewall algae samples were accordingly 
multiplied by twice the ratio of the perimeter (28.75 
m) to the width (8.9 em) of a plate, ie. by a factor 
of 647. Macroscopic animals were counted as well as 
possible. Guppies, water striders, and gyrinids were 
counted in sections of the pond. Mayfly and damselfly 
nymphs were counted on sidewall plates and fractions 
of the pond wall, and on upper surfaces of larger 
rocks. Square-foot frames were placed on the bot- 
tom, and numbers of animals swimming in the water 
above these, or resting on the rocks in them, or found 
under these rocks when turned, were observed at 
intervals. The resulting biomass and population esti- 
mates are given in Table 6. 


CONCEPTS AND MEANS OF MEASUREMENT 

The counts per minute detected by the Geiger- 
Muller counters all cases corrected for 
counter shelf, point-source geometry and plate diam- 
eter, backscatter, window and air absorption, self- 
absorption, and background to give P#? disintegra- 
tions per minute in the plated sample. These values 
were in turn converted to microcuries (ue) in the 
sample at the time counted (le=3.7 x 101° disintegra- 
tions/second, lue=2.22 x 10® disintegrations/minute). 
Microcurie values were corrected also for radioactive 
decay to zero time of the experiments, the time of 
tracer introduction. Since it is the movements and 
relative concentrations of phosphorus which are the 
concern of these experiments, and not levels of radio- 
activity as affected by decay, all values in all experi- 
ments have been corrected for decay to zero time. 
In the interpretation of activity density values in 
Tables 2-6, it should be understood that an actual 
activity density at the time the sample was taken was 
some fraction of the value given. P®? has a half-life 
of 14.3 days or 343 hours; consequently 51% of the 
P®2 introduced remains after 2 weeks, 26% after 4, 
13% after 6, and 6.6% after 8 weeks. 

Content of P*? in organisms, organie matter, and 
water is generally expressed in these experiments as 
activity density, the amount of radioactive material in 
curies per unit mass of substance. Dry weights of 
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organisms and organic matter have been preferred 
for the computation of activity densities, and the units 
used are uc/mg and we/g of dry weight. P®? content 
of water is expressed as ue/liter. Activity density, as 
a measurement of P®* content per unit mass of all 
elements in an organism, is to be distinguished from 
specific activity, the total radioactivity of a given 
isotope in curies per gram of isotope, element, or com- 
pound. Specific activity (element) as it applies here 
(experiment 3) is the radioactivity of P®? (in curies) 
per gram of phosphorus including radioactive and 
stable (P81) isotopes. Specific activity (element) 
thus reflects isotopic dilution, the extent to which the 
P82 in the system is diluted with stable P*!, the frac- 
tion of P32 atoms among all phosphorus atoms. 

The intensity with which P%? is concentrated into 
organisms may be measured as the concentration ratio 
(concentration factor, accumulation factor). A con- 
centration ratio compares the activity density of an 
organism, or other organic material, with the activity 
density of the water from which it has obtained its 
P32; R=D,/D,,, in which R is the concentration ratio, 
D, the activity density of the organism, and D,, the 
activity density of the water. All concentration ratios 
given in this work are based on the ratio of the 
activity density of an organism or community-fraction 
in ue/g of dry weight to the activity density of water 
in pe/ml. The concentration ratios in the tables are 
in most cases maximum values determined from the 
ratio of the maximum activity density reached by an 
organism or community-fraction in a given experi- 
ment to the activity density of water at the same time. 
For organisms with slower P32 uptake, especially, 
there are two important sources of error in such 
determinations. First, no real steady-state of P? 
content is reached by these forms in the conditions of 
these experiments; rather than equilibria, the maxi- 
mum activity density values are inflection points at 
which the decline in uptake (consequent upon de- 
clining P®? content of water and food) causes the rate 
of P%* uptake to fall below the rate of loss. Second, 
the activity density at this point is the product of P%? 
uptake not simply in relation to P32 content of water 
and food at the same time, but in relation to the 
changing P*? contents of these during the preceding 
time of the experiment. 

Rates of uptake of P®? by organisms and com- 
munity-fractions are a major concern of this work, 
and there are several ways such rates may be ex- 
pressed. Gross uptake rates or transfer rates (r,) 
express the fraction of P®* present in one community- 
fraction moving from it into another community-frac- 
tion per unit time. Thus if 100 we of P®? are intro- 
duced into the water, and during the following hour 
3 we are taken up by plankton, the water-to-plankton 
gross uptake rate becomes, approximately: r;=3y¢/ 
100u¢c/hr=0.03/hr. In many eases it is appropriate 
to measure the uptake rate of the second community- 
fraction or organisms in terms of activity density. The 
activity uptake rate (rg) measures the rate of in- 
crease of activity density in we of P®? taken up per 
hour per mg or g of dry weight of a community- 
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fraction or organism. Thus if, in the first hour, 3 pe 
of P%" move into 0.2g dry-weight biomass of plank- 
ton, rea=3pue/0.2/g/hr=15ye/g/hr. The first of these 
rates is appropriate to study of the pattern of move- 
ments of P82 in an ecosystem as a whole, the second 
is appropriate to comparison of relative rates of 
uptake of different species or fractions of the com- 
munity. The activity uptake rate is necessarily de- 
pendent on the amount of P®? released into the 
aquarium; and a third rate, activity concentration 
rate (rg) may be used to compare relative uptake rates 
in aquaria with different levels of introduced P?2. 
Activity concentration rate compares the activity up- 
take rate with the activity density of the water: 
Y3=Ye/Dy. If activity density of the water at zero 
time is 0.5 we/l, then the activity concentration rate 

15 pe/g/hr 
0.0005 we/g 
30,000/hr. This value expresses the rate of increase 
of the concentration ratio: 30,000 times the amount of 
P32 present in a gram of water is concentrated (from 
a very much larger volume of water) into a gram of 
dry weight of plankton per hour. Activity concentra- 
tion rates are not used in discussing the indoor 
experiments, since all values in Tables 2-5 are based 
on a standard tracer introduction of 100 we in a 200- 
liter aquarium. 

Movement of P®? from water to organisms and back 
to water is very rapid. When micro-organisms are 
concerned, the change of P*? content with time is 
affected almost from the beginning by the return 
movement of P®? from these organisms to water. 
Gross uptake and activity uptake rates consequently 
have been determined from the P®? content of these 
organisms during the first few hours of the experi- 
ments. It is possible to compensate for the return 
movement through equations in the form: A A,= 
Aylwp—Aplpw in which A, is the P%? content of 
water and A,, that of plankton, and r,,, the rate (r,) 
from water to plankton and rpy that from plankton 
back to water. Rate values have been determined both 
from this relation and by plotting curves of P%? con- 
tent during the early part of the experiment and 
determining the slopes at which the curves approach 
the origin. Some of the limitations which affect such 
values will be discussed below. 

The loss or turnover rates themselves are expressed 
as fractions of the P®? in an organism or community- 
fraction leaving per hour; the turnover rate (r4) is 
thus equal to the sum of the transfer rates (r,) from 
a given community-fraction into others. Expression 
of P%? loss in we leaving a community-fraction per 
gram of dry weight per hour (activity loss rate, rs) 
is sometimes desirable for purposes of computation. 
In theory both uptake and turnover rates may be de- 
termined by entering P32 content’ for successive time 
intervals in the equation for 4A; in practice use of 
this approach and observation of the irregularity of 
the values which result have discouraged reliance on 
it. Turnover rates have been computed on the as- 
sumption that these must balance uptake rates at the 
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maximum or equilibrium levels of P*?* content of 


organisms or community-fractions. When 4A,=9, 
then rea=r5;=D,ry, and Ayry)=Aprpw. The turnover 
rate, rg OF py, for plankton may then be determined 
from the activity uptake rate (ro) and activity density 
(D,), or by substituting P** content in we for plank- 
ton and water (A, and A,,) along with the ry, or ry 
value already determined from data for the first few 
hours. 

The turnover rates express the loss or exchange of 
P32 atoms by the organisms of a community-fraction. 
If one assumes (and the limitations of the assumption 
should be evident) that one ean treat the P* content 
of a community-fraction or organism as if it were a 
single pool with a uniform rate of turnover, then the 
loss of P®? atoms by turnover is mathematically 
analogous to loss by radioactive decay. The turnover 


loss may be expressed: Aha? = hti—e,)¢ in 
which A, is the P®? content of the organism or com- 
munity-fraction at a given time, A; is that part of 
these P®? atoms still present (along with others which 
have meanwhile moved into the community-fraction) 
after time t, and other values are as indicated above. 
In analogy to A of radioactive decay, 8 is a rate con- 
stant for biological turnover; and T,, is a “biologi- 
eal half-life,” the time required for one-half the P3? 
atoms to be eliminated from the pool. Values for ry 
are used throughout this work; but these may easily be 
converted to the other two rate expressions, 8 and T 1, 


by the relation: B= —In (1—r,) =.693. 


Ty, 
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Closely related concepts have been stated for physi- 
ological experiments by Zilversmit et al. (1943a, 
1943b) and applied to a lake tracer experiment by 
Hayes et al. (1952). Their turnover rate corresponds 
to that of this paper, while “biological half-life” (T , ) 


may be converted to “turnover time” (T,) in the 


T 
relation (Hayes et al. 1952) : Ty= —*- log e=1.44T,,. 
: log 2 2 


It should also be observed that r, values, if multiplied 
or divided for different intervals, will yield some- 
what different values for 8 and Ty. The decay con- 
stant, 8, may be preferred for exact computation; 
but other sources of inexactitude in these experi- 
ments are such that rate values as decimal fractions 
per hour have been thought sufficient to the purpose, 
as well as preferable for their expression of the 
rates in a form of more direct meaning to the reader. 


PROBLEMS OF METHOD 


Almost all synecologieal research is plagued by 
problems arising from difficulties in sampling natural 
populations, or from the complex interrelations of that 
which is studied, or both. It may be appropriate to 
consider some of these problems as they affect, and 
constitute limitations on, the present research. 

One set of difficulties results from the smallness of 
the aquarium communities. A certain amount of proto- 
plasm must be removed for a sample; if the amount is 
small it may not provide a statistically significant 
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indication of P?? content of a community-fraction, 
but if it is large the community is significantly modi- 
fied by its removal. Sample removal modified the 
indoor aquarium communities to such degree that 
computations of total-community P3* movement had to 
allow for these effects. Results have been analyzed 
and interpreted on the basis of both the actual, chang- 
ing community and a hypothetical, constant one. 
Two directions of remedy for this problem suggest 
themselves: use of larger aquaria, such as the outdoor 
pond, which are scareely affected by sample removal, 
and use in smaller aquaria of carefully processed, 
replicated, smaller samples from different parts of the 
aquaria. 

Total dry-weight biomass in a 200-liter aquarium 
community, from which samples must be subtracted, 
is small—of the order of 1.0 to 2.5 ¢ at 5-6 weeks in 
most aquaria. Biomass of animals is usually a small 
fraction of this, and often too small for effective 
sampling. Aquaria with pond or river water generally 
did not support sufficient numbers of microcrustacea 
to permit determination of their P*? content. It is 
easy to obtain dense populations with heavy fertiliza- 
tion; but conditions in the aquaria are then very dif- 
ferent from those in most natural water bodies. 
Populations of animals ean be deliberately introduced 
into an aquarium, as in some of these experiments; 
but their biomass is then likely far to exceed what 
plant growth in the aquarium would naturally sup- 
port. It seems preferable for many purposes to study 
a community that has struck its own balance between 
plant and animal productivity. 

A second group of formidable problems are those 
of effective separation of community-fractions and 
kinds of radioisotope uptake. The “plankton” which 
remains after microcrustacea are strained out is a 
mixture of algae, bacteria, protozoa and rotifers, and 
particles with living bacteria and other forms on 
their surfaces and within them. Examination of 
Foerst-centrifuged samples under the microscope 
generally supported the assumption that algal cells 
were predominant; but the other components can 
never be assumed to be insignificant, and are known 
sometimes to predominate in seston biomass in natural 
water bodies. Attached organisms of sidewall and 
bottom are similarly known to form a micro-prairie 
of algal filaments, rising above an undergrowth of 
bacteria and unicellular algae and holding other such 
forms on their surfaces and in the tangle of their 
filaments, in which microscopic animals live attached 
or move about. Separation by sizes, by plankton nets 
of different meshes, was attempted for the seston 
and the mixture of mud and detritus particles, bae- 
teria, diatoms and other algal cells and filamentous 
algal fragments, in the surface mud. Results, ex- 
amined under the microscope, were not reassuring, 
and this problem of sample separation was not solved 
in these experiments. The term community-fraction 
is used for the various parts of the ecosystems which 
were sampled, with recognition of the heterogeneous 
content of the samples. 

Radioisotope movement 


through a community- 
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fraction, or even an individual organism, involves 
different kinds of uptake and loss which cannot 
generally be distinguished in community experiments. 
Especially significant is the problem of surface up- 
take, as distinguished from intake by absorption or 
ingestion. Fig. 1 gives P?? content of snail shells and 
bodies. Uptake on the shell, and its surface film of 
microorganisms, exceeded that into and onto the body 
during the first two days, but was later relatively 
stabilized, while uptake by ingestion continued until 
body P®* far exceeded that on the shell. Combining 
the shell and body values gives a deceptive picture of 
uptake “by” the snail during the first few hours. 
But it is such more-or-less deceptive values which must 
usually be relied upon for other organisms, not easily 
separated from their skins. 
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Fic. 1, Expr. 1. P32 content of snail shells and bodies 
in relation to time exposed to tracer. 

Physical adsorption affects these experiments in 
various ways. Adsorption of phosphate ions onto 
glassware, such as the flasks from which tracer solu- 
tions are taken, is well known; it may be controlled 
by use of non-radioactive “carrier” phosphate in the 
tracer solution and by rechecking content of the solu- 
tion at the time it is introduced into the aquarium. 
The use of carrier requires, however, balancing of the 
desired reduction in adsorption against the fertilizer 
effect of the carrier. Extremely small amounts of 
phosphate in the water may support algal growth 
(Rodhe 1948, Mackereth 1953). Very small amounts 
of phosphate carrier have been observed to produce 
an acceleration of growth in low-phosphate aquaria 
which complicated the approach to equilibrium con- 
tent of P®? by plankton. Adsorption onto surfaces of 
organisms, and especially micro-organisms and parti- 
cles, is a more critical problem. A considerable, but 
variable, part of the uptake during the first hour is 
adsorptive; and variable fractions of this adsorbed P** 
are absorbed into cells of different types and states 
of phosphate sufficiency. The problem is not simply 
solved by rinsing. On the one hand, some adsorbed 
phosphate enters chemical combinations on cell sur- 
faces and resists removal without repeated rinses; on 
the other hand repeated rinses may remove substantial, 
but variable, fractions of the more labile phosphate in 
the cells (Gest & Kamen 1948, Kamen & Spiegelman 
1948, Goldberg et al. 1951, Rice 1953, Knauss & 
Porter 1954). 

Adsorption occurs also onto aquarium walls and 
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other objects, but adsorption here is only part of the 
surface-uptake problem. All such aquarium surfaces, 
and the surfaces of larger organisms, are coated with 
films of bacteria and other micro-organisms. These 
very actively take up P*®? and are often one of the 
major loci into which P®? is concentrated. The films 
cannot be removed by scraping; the most satisfactory 
method found for recovering the P?* from them was 
washing with warm nitric acid. Uptake onto 
aquarium surfaces thus has one component, reaching 
equilibrium within a very short time, of adsorption, 
and another component, approaching equilibrium in 
around 24 hours, of absorption by the organisms of 
these films. The gross or synthetic character of 
observed P#? uptake rates may again be illustrated by 
the snails; for not only is the total uptake a com- 
posite of shell-surface and body uptake, but each 
of these is a composite of adsorption and organismie 
uptake. 

Experiments with indoor aquaria were affected by 
the phenomenon of aquarium individuality. Indi- 
viduality of water bodies and depressions of lakes is 
familiar; but the magnitude of contrasts between 
aquaria which supposedly represented the same ¢on- 
ditions much exceeded expectation. In more than 
one experiment 2 of a set of 3 aquaria showed a 2- 
fold, or even 3-fold, difference in biomass and P%? 
content of some community-fractions. Differences in 
aquaria which were already significant in the earlier 
phase of an experiment were usually increased, rather 
than evened out, by their further development. Small 
differences in illumination and temperature affected 
the aquaria of earlier experiments; but less striking 
aquarium individuality appeared also in experiments 
in which temperature, light, and nutrient levels were 
more closely controlled. 

Sample-to-sample variability appeared not only be- 
tween aquaria but among samples from a given 
aquarium. Two-fold differences occurred in biomass 
and P*? level between sidewall and bottom-tray 
samples removed from different parts of an aquarium 
at the same time. Smaller, but apparently significant, 
differences sometimes appeared between two plates or 
trays which had been side by side. Duplicate water 
and plankton samples differed in some cases, especially 
earlier in the experiments when they might be affected 
by incomplete mixing and more rapid removal of P%? 
from water near the sidewalls. Levels of P#? in 
animal individuals were more conspicuously variable, 
especially in the first few samples. For the combined 
reasons of aquarium individuality, sample irregu- 
larity, and limited sample masses and numbers, most 
of the individual data on which accounts of the indoor 
experiments are based are not statistically convincing. 
This does not mean that the results are without signifi- 
cance or unworthy of study and judicious interpreta- 
tion, or that the picture of what happens in an 
aquarium, based on 12 sets of samples supporting 
one another, is unconvincing. But individual magni- 
tudes given here should be read with the understand- 
ing that many of these values, first, have a gross or 
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synthetic character, second, even as such lack real 
exactitude for a given aquarium, third, may differ 
significantly from one aquarium to another with ap- 
parently similar conditions. 

The larger size of the outdoor pond permitted all 
regular samples to be taken in triplicate, at least, 
and made possible some study of variation or disper- 
sion in these samples. Variations among sets of 
water samples were generally small (coefficients of 
variation of the order of 0.04) after the first few 
hours; variations in centrifuge and filter plankton 
samples were not so low (coefficients of variation of 
0.15 to 0.30). Microcrustacean populations were 
observed to form small clouds in the water; their 
density, and presumably results of their grazing on 
the phytoplankton, varied greatly from one place to 
another within this small pond. Homogeneity and 
simplicity should no more be assumed for a small 
ecosystem than for a small organism. 

Small animals which were plated as mass samples 
gave good and consistent determinations of activity 
density (coefficients of variation of the order of 
0.02 to 0.06). Larger animals, which were plated as 
individuals, gave erratic values. Because of the im- 
portance of this individual-to-individual variation in 
P%? content within the same water body, some coeffi- 
cients of variation for animal samples with at least 5, 
and in most cases 10, individuals are summarized in 
Table 1. Magnitude of the values will be apparent; 
and it may be noted also that variability is higher in 
the earlier samples, as affected by chance differences in 
food consumption and other variables, and decreases 
later as equilibrium levels of P®? content are ap- 
proached. In general, the problem of sample vari- 
ability is most intense in the first phase of the experi- 
ment, when the problem of getting enough samples, 
rapidly yet carefully processed, to record the rapid 
early changes in P#? distribution is also most intense. 


TABLE 1. Coefficients of variation for P*? content of 
animals from the outdoor pond (experiment 7). 


| | | | | | 











Time in days | 1 2 4 8 | 16 | 30 | 44 
—_—. NS EEE eee ZS cee 
Sympetrum...... .288| .343| .324} .435| .078| .100| .065 
ae .348| .475 | .297| .280} .200 
Dyliscus........ .800} .773] .386) .316) .227 
 . ae es .644| .640) .305] .234 
Notonecta....... | .313] .217 








Other difficulties of interpretation involve the aging 
of the aquarium communities and the complex inter- 
relations of their parts. No “climax” is reached in 
these aquaria during the 3-month periods of study 
(ef. Buchanan et al. 1953). No real steady-state 
of P? concentration and movement develops because, 
even as a steady-state is approached, aging changes 
the character of the community. The complex inter- 
relations among aging effects further complicate 
analysis of the complicated pattern of movements at 
a given time, in which P?2 movement into one com- 
munity-fraction is affected by what is happening in 
several or all other parts of the community. It is 
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difficult, on the one hand, to determine individual 
rates in a pattern so complex and changing. On the 
other hand, uptake and loss by a given kind of 
organism in isolation may not be the same as that in 
the context of the functioning community. 

These problems of method are by no means solved 
to satisfaction in the experiments to be described. 
The experiments were carried out, in fairly rapid 
succession, during the last part of the author’s work 
at Hanford with the aquaria and other facilities which 
were available and without opportunity to repeat 
experiments with modifications of technique. Several 
types of information which were desired were not 
obtained; these include especially species composition 
and population levels of aquarium organisms and de- 
tailed study of water chemistry and states of phos- 
phorus. Future experiments should seek to use 
tracers in conjunction with these and other non- 
radiological approaches in aquaria which can be more 
closely standardized than those of the present work. 
These experiments are reported, not as examples of 
perfected technique, but as an exploration of some 
possibilities of such research. It is felt that even 
their limitations may be suggestive to others interested 
in a type of research of much promise for the future. 


RESULTS 
EXPERIMENT 1: MOVEMENT OF P?? IN 
OLIGOTROPHIC AQUARIA 


The first experiment was designed to study the 
pattern of P®? movement in water of low nutrient 
content (Whittaker 1953). Three aquaria were filled 
with uncontaminated water from the Columbia River, 
with phosphate levels of about 10 parts per billion 
(3.3 mgP/m?*, 0.11 pg-atoms P/l), and seeded with 
pond organisms. Each aquarium received 12 sidewall 
plates, and 12 bottom trays, each containing 50g dry 
weight of predominantly inorganic mud from an 
oligotrophic mountain lake. The aquarium communi- 
ties were permitted to develop, at temperatures of 21.0 
to 22.5°C, for 37 days; 12 guppies, 12 aquarium 
snails, and 12 bottom trays for sediment samples were 
then introduced into each aquarium. On the following 
day each received 170 pe of P** and was stirred to 
mix the tracer into the water and distribute existing 
sediment into the fresh bottom trays. Beginning 1 
hour and ending 46 days later, samples were removed 
and processed in the manner described; the experi- 
ment was terminated, with final water and plankton 
samples, 60 days after tracer introduction. 

The general pattern of changing tracer distribution 
is shown in Fig. 2. Values for the three aquaria are 
averaged, and the conversions from P#? contents of 
samples to the curves illustrated are based on aquaria 
unmodified by sample removal. The linear plot above 
shows clearly one major feature of the P?? movement 
—the very rapid changes during the first hours. 
When a long period of time is plotted in this way, 
however, the rapidity of the changes in the first hours 
makes these difficult to plot and interpret, while some 
of the slower changes later in the experiment be- 
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come difficult to recognize. The square-root plot 
below, by expanding the time scale for early and 
contracting the seale for later changes, provides a 
more easily interpreted picture. A logarithmic time 
seale can be used for the same purpose; but on the log 
seale no zero time can be plotted, the initial period 
is excessively expanded and the later period exces- 
sively contracted relative to each other, and the 
resulting picture is a distorted one. The less familiar 
square-root seale has consequently been preferred 
and is used in some of the diagrams which follow. 
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Fig. 2, Expr, 1. P32 distribution in oligotrophic aqua- 
ria (Columbia River water) in relation to time after 
tracer introduction, with time on linear scale. above, 
square-root scale below. In this and other figures, verti- 
eal ticks above the base line for time indicate times of 
sample removal. Aquarium-fractions indicated in this 
and similar charts which follow are: water (W, solid 
line), algae attached to aquarium surfaces (A, longer 
dashes), plankton or seston (P, dot-and-dash), and sedi- 
ment (S, shorter dashes). In this and similar charts 
without data points for the curves, the curves have been 
smoothed from original sample data. Cf. Odum 1959, 
Fig. 150. 


Very rapid movement of P®? from water to plank- 
ton occurs in the first few hours, until 30% of the P32 
in the aquarium is concentrated in the centrifuge 
plankton in the 7- and 15-hour samples. By the end 
of the first day P*®* content of the plankton begins to 
decline, as slower uptake by other community-frac- 
tions, especially the attached algae, gradually removes 
P32 from the water-plus-plankton or liquid phase of 
the ecosystem. During the second and third days 
P82 content of the attached organisms rises until these 
contain the largest fraction of tracer in the aquarium. 
During the period from 3 to 18 days, P®? content of 
the attached algae increases only slowly, and pre- 
sumably because of continuing growth. Movement of 
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P*? into the algae, animals, and sediment continues; 
and P®? contents of water and plankton decline 
slowly together. 

During the last phase of the experiment, 18-46 
days, P®* content of the attached organisms declines. 
The fraction of P®? in the water-plus-plankton which 
is in the plankton also declines, along with plankton 
biomass; for the nutrients supporting plankton growth 
are gradually removed from the water and accumu- 
lated in other community fractions. P*? content of 
the sediment continues to increase to the end of the 
experiment, as does that of the deficit (Table 2). 
These later movements reflect the aging of the 
aquarium community, with several processes removing 
P32 from the water and binding it into the organie 
matter of sides and bottom: (1) declining plankton 
biomass and settling of seston particles into the 
sediment, (2) growth of algae and other attached 
organisms and accumulation of the mat of living and 
dead organic matter produced by these, (3) settling 
of animal feces, with P*? derived mainly from the 
attached algae, into the sediment, (4) continued bind- 
ing of P32 by the film of bacteria and other micro- 
organisms on the surfaces of the aquarium walls. 

The movement of 30% of the P®? into the centri- 
fuge plankton in the first hours is only a gross indi- 
cation of the rapid changes of state of P32. The 
gross uptake rate into the centrifuge plankton indi- 
cated by the 1 and 3 hour values is about 0.24/hr. The 
stable ratio of 46-48% of the P®? in the plankton 
to 52-54% in the water during the period from 15 to 
63 hours represents a steady-state of P32 movement 
between water and plankton. These two values to- 
gether imply a plankton turnover rate of 0.27/hr. 
Within the first 3 hours, more than half the P%?- 
labeled phosphate ions in the water have been 
adsorbed or absorbed by centrifuge plankton, and by 
5 hours more than half of the P®? in the water has 
already been taken up by or onto plankton and re- 
turned to water. After the first few hours there is 
very little P®2 in the water which has not been re- 
turned to it from the plankton; and much of the P®? 
in the water may be in forms other than phosphate 
ions, including organic phosphorus not directly availa- 
ble to phytoplankton though not wholly unavailable 
(Chu 1946, Lund 1950). 

These are, as indicated, gross rates for both intake 
and surface uptake by both organisms and particles. 
But, with allowance for this, the tracer data indicate 
a rapidity of P®? turnover in water and plankton 
which would be difficult to recognize otherwise. Even 
these rates may be underestimates of P?? turnover by 
plankton (Rigler 1956). In an experiment with low- 
phosphate water (0.8 ppb) and separation of paper 
and “Millipore” filter plankton fractions, Rigler found 
that in 20 minutes, when equilibrium had been reached, 
approximately 93% of the added P®? had been taken 
up by plankton. More than half this P?? went into 
the smallest organisms and particles, which passed 
through filter paper but were retained by Millipore 
filters. The initial gross uptake rate suggested by 
Rigler’s data (1956 :Fig. 8) is 0.17/min, the suggested 
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TABLE 2, 


by 100/170=0.59 to make them comparable with those in aquaria receiving 100 pe. 
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Summarized data for experiment 1. Activity densities and activity uptake rates have been multiplied 


Values for fish and snail 


bodies are based or. the arbitrary assumption of 6 individuals of each per aquarium. All values are based on aver- 


ages for 3 aquaria. 
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turnover rate 0.013/min. As in the present experi- The per cents of P®* in community-fractions in 


ments, the role of adsorption in such very rapid 
movements is not easily assessed. 

Whereas plankton P#? content reached a steady- 
state by 15 hours, the attached algae did not approach 
equilibrium until the 63-hour sample. Movement of 
P82 into sidewall algae was more rapid than into 
bottom algae, and sidewall algae contained twice as 
much of the P®? in the period from 2.6 to 11 days. 
Uptake of P®* by animals and sediment was still 
slower. The meager microcrustacean populations in 
the aquaria accounted for only a trivial part of the 
P3*—_about 0.034% at 18 and 0.015% at 46 days, in 
both samples 0.3% of the P?? in water-plus-plankton. 
Activity densities of fish and snails during the first 
part of the experiment were so erratic as to render 
any rate computation tentative. Rate of loss from 
these animals cannot be computed, but their feces 
were a major source of the sediment. During the 
first hours after tracer introduction, the sediment al- 
ready present took up P®? at a gross rate of 0.0023/hr ; 
later in the experiment, 5-32 days, there was a slower 
inerease in sediment P32 content by accumulation. 

The remaining community-fraction is the “deficit.” 
As samples were removed and P*? distribution com- 
puted during the experiment, it was found that the 
P82 accounted for ceased to total 170 ue after the 
first hour. After 1-5 days about 10%, after 18-25 
days about 30% of the P®? seemed to have disap- 
peared from the aquarium ecosystem. In the search 
for this P82, the acid washing of sidewall plates and 
bottom trays was adopted during the later part of 
the experiment. Conversion of the amount of P%? 
recovered from the sidewall plates to the total wall and 
bottom surface would account for 12% of the P?? in 
the aquarium; surfaces of 24 bottom trays would: ac- 
count for 6%. It is assumed that surface binding 


on the enamel walls and bottom, with their microscopic 
surface irregularities, was greater than that on a glass 
surface, and that most of the deficit is thus accounted 
for. 





Table 2 illustrate, along with Fig. 2, a phenomenon 
which has been observed in a number of lake ex- 
periments (Einsele 1941, Hutchinson & Bowen 1947, 
1950, Orr 1947, Smith 1948, Coffin et al. 1949a, 
1949b, McCarter et al. 1952, Hayes & Coffin 1951, 
Nisbet 1951, Hayes et al. 1952, Hutchinson 1957, 
Hepher 1958)—a departure of phosphate from water 
which is at first rapid and later increasingly slow 
until an equilibrium between water and other com- 
munity-fractions is reached. The decline in water 
activity is not simply a logarithmic curve of removal 
of constant fractions of P®* per unit time; but is 
the product of exchange between water und solids as 
in the lake data analysed by Hayes et al. (1952). 
The manner of removal—first into plankton, later 
into attached plants, sediment, and mud—also cor- 
responds to that observed in lakes. 

In an effort to measure the rate of change of P*? 
distribution and approach toward equilibrium in these 
aquaria, percentage difference measurements (Whit- 
taker & Fairbanks 1958) were applied to P®? distri- 


bution. Percentage difference of two successive 
samples was measured by the formula PD= 


0.53|a-b| =1—min(a,b), in which a and b are the 
per cents of the introduced P*®? in a given community- 
fraction in the two samples, and the percentage dif- 
ference is one-half the sum of the signless differences 
of these per cents at the two sample times.. This 
value divided by the time between samples in hours 
gives an approximate expression of rate of change of 
P32 distribution, PD/hr. These values are plotted 
in relation to logarithmic seales in Fig. 3 and appear 
to form a straight line, implying the relation (PD/ 
hr)t=k (in which t is the time in hours after tracer 
introduction and k a constant reflecting the over-all 
rate of P32 movement in the ecosystem, and equal in 
this experiment to 16.2%). This line implies also 
an asymptotic approach to equilibrium of P%? distri- 
bution as the aquarium ages. This relation, like other 
aspects of P%? distribution, is a resultant of complex 
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and varied processes; and it is uncertain what biologi- 
eal, as distinguished from descriptive, meaning it may 
have. 

Results from aquaria cannot be applied uncritically 
to natural water bodies, but the experiment suggests 
these points of interest: 

1) P32 movement shows a basic pattern in which 
three phases can be distinguished—an initial phase of 
rapid movement from water into plankton, an inter- 
mediate phase during which the largest amount of P®* 
is concentrated into attached organisms while plank- 
ton P82 content decreases, and a final phase in which 
slower processes gradually accumulate P** into sedi- 
ment, surface films, and mud while contents of other 
community-fractions decline. 
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Fig. 3, Expt. 1. Rate of change of P3? distribution, 
measured as percentage difference in P32 distribution 
among aquarium fractions per hour, plotted against time 
(of the mid points between samples) after tracer intro- 
duction. Both seales are logarithmic; the fitted line is 
the curve: xy—16.2. 


2) Rates of movement, especially between water and 
plankton, are very rapid during the first hours, re- 
flecting a rapid, back-and-forth flow of phosphate 
between water and other community-fractions. De- 
parture of P®? from the water is at first rapid and 
later continues at rates that are increasingly slow; 
but no equilibrium of P*? distribution was reached 
in 60 days in these aquaria. 

3) Removal and concentration of this radio-con- 
taminant are primarily biological phenomena, conse- 
quent upon the activities of organisms, though adsorp- 
tion is also significant. Binding of P®? to surfaces by 
films of microorganisms, not simple adsorption, is 
one of the major processes removing it from the 
water. 


Ecological Monographs 
Vol. 31, No. 2 


EXPERIMENT 2: MovEMENT oF P22 IN 
EuTROPHIC AQUARIA 


The second experiment was designed to provide a 
picture of P®? movement in aquaria of higher nutrient 
levels. Six aquaria were filled with uncontaminated 
river water, as in the preceding experimer!; but all 
were fertilized with a nutrient mixture based on Chu’s 
(1942) solution no. 10 at half strength. Compounds 
added, in mg/l of water were: 20 Ca(NQOg)o, 12 
MgS0,°7H2O, 12 NaoSiOs, 10 NasCOs, 4 KsSO,, 
1.0 K,HPO,, and 1.5 FeSO,°7H.O with ethylenedia- 
mine tetra-acetic acid as chelating agent (Jacobson 
1951). Nutrients added totaled 60 ppm, with an 
initial phosphate level of 0.5 ppm (163 mg P/m’, 5.3 
ug-atoms P/l). One aquarium received the same treat- 
ment in all respects but one: a double fertilization with 
FeSO, to observe effects of different iron levels, which 
had seemed to have critical effects on aquarium de- 
velopment in other experiments. All aquaria were 
seeded with pond organisms and received 12 sidewall 
plates, and 12 bottom trays with 4 microseope slides 
each. No macroscopic animals or mud trays were used. 
These aquaria had controlled illumination with lamps, 
and temperatures were stabilized at 25°C+0.7°C by 
thermostats and heaters. 

Three tracer aquaria received 100 we of P8? each. 
Samples were removed and processed thereafter in a 
geometric schedule from one hour to 3, 6, and 9 days. 
Three days after tracer introduction, parts of com- 
munity-fractions were transferred from these tracer 
aquaria to the uncontaminated transfer aquaria. 
From each of the tracer aquaria, 4 sidewall plates and 
4 bottom trays were removed; and of the transfer 
aquaria, one received 12 sidewall plates, one 12 sets of 
bottom slides, and one the sediment from 12 bottom 
trays. The plates and slides were briefly rinsed in tap 
water during the transfer; the sediment was con- 
centrated with fine-mesh plankton netting and trans- 
ferred without rinsing into uncontaminated water 
in fresh bottom trays. The transfer aquaria were 
sampled in the usual manner from one hour to 3 
and 6 days. At 3 and 6 days the transferred samples 
themselves were removed and plated for comparison 
with samples removed from the tracer aquaria and 
plated at the time of the transfers. 

The pattern of development of the aquarium com- 
munities was similar to that of experiment 1; but the 
greater nutrient availability was reflected in heavier 
growth of attached algae. The double iron fertiliza- 
tion of one aquarium strongly affected its development 
in several ways: (1) Growth of attached algae was 
much more rapid, resulting in striking biomass con- 
trasts with the other aquaria at the time of tracer 
introduction (Table 3). (2) Plankton biomass de- 
veloped more rapidly, then declined more rapidly 
(to 14 that of the other aquaria 9 days after tracer 
introduction), presumably because nutrients were 
more rapidly removed from the water by the heavy 
growth of attached algae. (3) Smaller amounts of 
sediment accumulated, presumably because less settled 
from the less productive plankton. 
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TABLE 3. Summarized data for experiment 2. 
no. 8, with double iron fertilization, 3.0 mg/1 FeSO,) 
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(Three tracer aquaria receiving 1.5 mg/] FeSO, and one aquarium, 
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Fig. 4, Expr. 2. P3? distribution in eutrophic aquaria 
in relation to time after tracer introduction, on linear 
seale. Above—3 aquaria with Columbia River water 
fertilized with 60 ppm nutrients; below—one aquarium 
with the same fertilization except double addition of 
iron. Aquarium fractions are: W—water, P—plankton, 
A—attached algae, S—sediment. 





The patterns of P#? distribution in these aquaria 
are illustrated in Fig. 4. A shorter time interval is 
covered than in Fig. 2, but the contrasts in P?? move- 
ment are evident. Less P?? is removed from the water 
and concentrated into other fractions; 72 hours after 
tracer introduction about 63% of the P®? remained in 
the water, 74% in water plus plankton, as opposed to 


25% and 47% in experiment 1. Gross uptake rates 
are in contrast, and generally lower in the eutrophic 
aquaria (Tables 2 and 3); and aetivity densities and 
concentration ratios tend to be lower by an order 
of magnitude. These differences result in large part 
from contrasts in isotopie dilution consequent on the 
different initial phosphate levels in the water (0.5 vs. 
0.01 ppm, ef. experiment 3). 

Marked as are the contrasts between experiments 1 
and 2, the contrasts of aquarium 8, differing only in 
iron level, with the others of experiment 2 are at 
least as great. The heavy growth of attached algae 
in aquarium 8 extracted P?? from the water with strik- 
ing effectiveness; 3 days after tracer introduction 
14% of the P®* remained in the water, after 9 days 
only 3%. Although higher phosphate levels in ex- 
periment 2 in general implied less effective removal 
of P32 from the water than in experiment 1; the at- 
tached algae of aquarium 8 removed P#? even more 
effectively than in experiment 1. Rate values and 
other measurements are in marked contrast with those 
for the other aquaria (Table 3). These results, from 
what was originally an afterthought to experiment 2, 
may emphasize the sensitivity of aquarium communi- 
ties, and of the patterns of radioisotope movement in 
them, to what might seem minor variation in aquarium 
conditions. 

The turnover rates from transferred samples to the 
water of the transfer aquaria (during the first 3 
hours) were approximately 0.03/hr for both sidewall 
and bottom algae. These values are of the same order 
of magnitude as the rates inferred from data for 
aquarium 8 and the tracer aquaria; but they are some- 
what smaller than those for the latter, suggesting that 
the brief rinse reduced the effect of adsorptive turn- 
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over on the rate values. The suggested turnover rate 
for sediment (0.008/hr) was of the same magnitude 
as in the tracer aquaria. Within the first hour after 
the transfer, P®* was recovered not only from the 
water, but also the plankton, attached algae, and sedi- 
ment of the transfer aquaria. Seven hours after the 
transfer, these three fractions together contained 27%, 
42%, and 50%, 72 hours after transfer 59%, 59%, 
and 67% of the total P®* introduced into the transfer 
aquaria (no. 10 with sidewall plates, 11 with bottom 
slides, and 12 with sediment, transferred). These 
data point again to a significant underlying phenom- 
enon—the active, back-and-forth flow of P®? between 
water and all other community-fractions in these 
aquaria. 

Results of the second experiment which may be 
emphasized are: 

1) In eutrophic aquaria rates of P%? uptake, activity 
densities, and concentration ratios are in general lower 
than in oligotrophic, low-phosphate aquaria. The 
pattern of P®* movement differs in that the greater 
growth of attached algae accumulates a larger fraction 
of the P%?, the plankton and other community-frac- 
tions less, than in the oligotrophic aquaria. 

2) These contrasts result primarily from different 
phosphate levels (and isotopic dilutions of P%) ; but 
a twofold difference in levels of another nutrient, 
iron, also produced striking contrasts—denser growth 
of attached algae and more effective movement of 
P32 into these algae. 

3) When sidewall plates, bottom slides, and sediment 
are transferred from contaminated to uncontaminated 
aquaria, P? moves rapidly into the water of the latter, 
and from water into other community-fractions and 
back into the transferred material—reflecting the 
rapid back-and-forth flow of phosphate between water 
and organisms. 


EXPERIMENT 3: EFFecT OF PHOSPHATE LEVELS 
on P32 MovEMENT AND CONCENTRATION 


Results of the first two experiments suggested 
studying effects of levels of non-radioactive phosphate 
in water on movement of P?? (Whittaker 1954). For 
this purpose five pairs of aquaria were set up with 
phosphate concentrations in a logarithmic series from 
0.05 to 525 ppm. To provide better control of nu- 
trient levels, the aquaria were filled with de-ionized, 
rather than river, water. The water was fertilized 
with a nutrient mixture in use for culturing Chlorella 
at Hanford (Knauss & Porter 1954), reduced to 1/20 
of the concentration used for intensive culture to give 
a total concentration of solids in water of 234 ppm. 
Nutrients added in mg/l were: 75 KNOs, 120 
MgS0,:7H,0, 36 Ca(NO3).°4H,O, 1.0 FeSO,-7H.0, 
0.05 MnSO,°H.20, 0.05 H,BOs3, 0.005 CuSO,-5H.0, 
0.005 ZnSO,°7H,O. 0.005 NaCl. As a phosphate 
source, KH»PO, was added at 75 mg/I in the fourth 
pair of aquaria. To provide the log series of phos- 
phate levels, the other aquaria received fractions or 
multiples of this amount: first pair 0.001 (0.05 ppm 
phosphate, 17.2 mg P/m, 0.56 wg-atoms P/1), second 
pair 0.01 (0.52 ppm), third pair°0.1 (5.25 ppm), 
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fourth pair 1.0 (52.5 ppm), fifth pair 10.0 (525 ppm 
phosphate, 172 g P/m*, 5.56 mg-atoms P/1). Amounts 
of K.SO4 were added such that K levels were con- 
stant through the first four pairs of aquaria. The 
fifth pair had a surplus of K, as well as of phosphate, 
ions and a content of total solids (707 ppm) in ex- 
cess of the other aquaria. 

Each aquarium was provided with 20 sidewall 
plates and 20 bottom trays with slides, seeded with 
pond organisms, and permitted to develop at tempera- 
tures between 20.5 and 23.0°C. Throughout the 


TABLE 4. Summarized data for experiment 3, based 


on averages of pairs of aquaria for the 5 initial phos- 
phate levels from 0.05 to 525 ppm. 








1 
Aquarium numbers............... | 1-2 | 3-4 | 56 | 7-8 | 9-10 
A. Phosphate levels, ppm | | 
a rer er | 0.05 0.52 | 5.25 \52.5 525 
\ SS Sep see | 0.04 | 0.23 | 5.0 |50 500 
2 weeks ..| 0.03 | 0.15 | 4.6 [53 500 
SS Sy eer 0.01 | 0.05 | 4.0 |50 500 
RemeNE RCo a.t th 7e0 .. | <.005 <.005 | 3.1 |49 
ARE See a | <-005 2.0 |46 500 
B. Dry-weight biomass in grams | | 
Tracer introduction (0-1 day!)| | | 
Centrifuge plankton.......| 0.17 | 0.10 | 0.10 | 0.28 0.16 
Sidewall algae... . verte 0.20 | 0.24 | 0.26 | 0.22 0.20 
Bottom algae............. | 9.51 | 0.64 | 0.88 | 0.90 1.04 
ee ere | 0.34 | 0.50 | 0.28 | 0.53 | 0.46 
Terminal (39-60 days!) } 
Centrifuge plankton... . .. | 0.095 | 0.085 | 0.12 | 0.34 | 0.25 
Sidewall algae.............| 0.45 | 0.68 | 0.87 | 0.82 1.47 
Bottom algae.............| 2.10 | 1.20 | 2.45 | 4.25 1.60 
Sediment............ ..| 0.36 | 0.322 | 0.272 | 0.97 3.31 
C. P32 distribution, percents in 
community fractions } } 
24 hours! | 
SSS re 146.7 |74.8 l95.6 98.7 — |99.5 
Filter plankton............} 6-3 [1.1 [0.3 | 0.1 0.1 
Centrifuge plankton......./16.4 | 1.5 |0.3 | 0.2 0.11 
Sidewall algae.............) 4.3 | 1.4 |0.2 | 0.1 0.06 
Bottom algae............. 12.0 | 3.8 | 1.1 | 0.2 0.08 
AEST ei 8.3 | 5.3 0.8 | 0.2 0.07 
Sediment... . sessceeel 3.1 | 5.6 0.2 0.07 0.04 
5 days | 
Water................50./86.7 84.4 (60.8 198.1 99.2 
Filter plankton............ 4.2 | 1.2 8° 19.1 0.02 
Centrifuge plankton. ...... \22.3 3.5 0.4 | 0.3 0.04 
Sidewall algae............. | 3.7 | 2.5 0.4 0.4 | 0.05 
Bottom algae............. 15.8 (21.5 | 2.8 0.4 | 0.11 
Surfaces?.................17.6 [17.5 | 2.2 | 0.4 0.12 
Sediment......... aa ik i 11.9 | 0.8 | 0.11 0.08 
25 days 
Water.... os veeeee| 7.8 4.3 70.8 96.0 98.7 
Filter plankton............,2-7. | 1.0 |0.3 | 0.15 | 0.02 
Centrifuge plankton...... 8.9 | 2.1 0.4 0.4 0.02 
Sidewall algae.............| 2.9 2.4 1.0 0.3 0.09 
Bottom algae........... /43.4 [55.9 [16.3 | 1.3 0.16 
<5 Wubiens.i« op [19.6 j22.8 | 4.6 0.9 0.2 
Sediment.................|5.2 | 4.8 |3.0 |0.3 0.16 
| | | 
60 days | 
SRE eee }2.4 | 1.6 /47.8 |90.1 [98.0 
Filter plankton............) 1.8 | 0.5 [0.5 | 0.12 | 0.01 
Centrifuge plankton....... 1.6 0.8 (0.9 | 0.5 0.02 
Sidewall algae............. 2.6 | 2.4 | 1.9 | 0.7 0.3 
Bottom algae. ............ |52.1 /50.6 (33.2 | 4.8 0.16 
Seriaces®.......:.........[06-7 198:3 |63 [22 | 62 
Sediment...... : 16.2 | 4.4 33 182 0.3 
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} 
Aquarium numbers reeaep 1-2 3-4 5-6 | 7-8 9-10 
D. Activity densities, uc/g dry wt.| | | 
Centrifuge plankton 2.5 days. . |82 (31 78 124 0.8 
Sidewall algae, 2.5 days...... |22 16.3 | 0.92 | 0.41 | 0.16 
Bottom algae, 2.5 days ; .|23 | 7.2 | 1.4 | 0.25 0.07 
Bottom algae, 18 days...... ke [48 7.3 | 0.47 | 0.08 
Sediment, 18 days........... 14 |22 5.9 | 0.73 0.12 


E. Concentration ratios 
Centrifuge plankton, 2.5 days. 6.sx10®|1. 3108/9. sx108 1.9x103 | 8.2x102 
Sidewall algae, 2.5 days [1.3x105|4. 8x104|2. 54103} 7.6x102 | 2.8x102 
}1.3x105/2.8x104/2.6x103| 4.5x10? 1.2x102 
'1.4x106/1 .0x108| 1.5x104| 7.8x102 | 1.2x102 
.15.4x105/1.8x105/1.7x104) 1.3x103 | 2.6x102 


Bottom algae, 2.5 days 
Bottom algae, 18 days. . . 
Sediment, 18 days 


F. Per cent P content of algae, 60 
days 


nN 


0.21 | 0.48 2.7 4 


G. Rate values 
Gross uptake rate per hour (r;) 
Filter p!ankton 
Centrifuge plankton 
Sidewall algae 
Bottom algae 
Surfaces 
Sediment 


.| 0.028 | 0.004 | 0.0016 0.0005 | 0.0003 
0.032 | 0.0045) 0.0016) 0.0006 | 0.0004 
| 0.008 | 0.063 | 0.0008) 0.0063 | 0.0002 
| 0.017 | 0.008 | 0.0016) 0.0004 | 0.0002 
0.011 | 0.0036) 0.0010) 0.0003 | 0.0002 
0.003 | 0.005 | 0.0003) 0.00009) 0.00005 


Activity uptake rate we/g/hr. 


(re) | 
Centrifuge plankton......./21.5 | 3.9 1.7 0.29 0.21 
Sidewall algae... 3.2 1.3 0.24 | 0.14 0.075 
Bottom algae........ Be | 1.5 0.22 | 0.05 0.02 
Sediment Serer ks 1.2 | 0.12 | 0.014 | 0.009 

Turnover rate per hr. (rs) 

Water ; 4 : ; 0.10 0.030 0.008 | 0.0024 | 0.0015 
Filter plankton... | 0.18 | 0.32 | 0.32 | 0.33 0.33 
Centrifuge plankton 10.15 | 0.13 | 0.27 | 0.27 0 29 
Sidewall algae : 0.058 | 0.07 0.19 0.26 0.29 
Bottom algae ‘ 0.0035) 0.0018) 0.016 | 0.052 0.20 
Surfaces i , 0.0081; 0.0016; 0.029 | 0.060 0.18 


.0080) 0.054 0.061 


Sediment 0.0058) 0.0675 


1 Times given are after tracer introduction, 36 days after aquarium initiation 

2 Binding of sediment into bottom algal mats accounts for apparent decrease 
of sediment. 

3 Surface-film values, based on glass plates, are underestimates. 
experiment, weekly samples of plankton, sidewall, 
and bottom algae were removed and weighed to follow 
development of the aquarium communities. Samples 
of water for chemical analysis were removed 1 day 
and 1, 2, 4. 8, and 14 weeks after aquarium initiation ; 
and levels of Fe, K, Mg, Ca, —PO 4, —SO4, —NOsz, 
—NO., together with pH and organie and inorganic 
solids, were determined. On the 36th day each aquari- 
um received 113 we of P*?, and samples were re- 
moved thereafter in a geometric schedule from 1 hour 
to 60 days. 

Development of the aquarium communities followed 
much the same course as in experiments 1 and 2 in 
most respects. Correlation of rates of development 
and quantities of biomass with phosphate level is to 
be expected; but, because of aquarium individuality 
and unmeasured factors, the aquaria did not form 
a simple sequence of increasing biomass with inecreas- 
ing phosphate concentration (Table 4, B). In order 
to show the general patterns of development, averages 
of the first four, low-phosphate aquaria have been 
contrasted with the last four, high-phosphate aquaria 
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in Fig. 5. The effect of phosphate level on timing 
of plankton development and decline, as well as on 
relative biomasses, is, to be noted. In this, as in 
other experiments, biomass of the bottom algae ex- 
ceeded that of the sidewall algae despite the greater 
sidewall area (about 3.3x area of the bottom). 
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Fig. 5, Expt. 3. Development of aquarium communi- 
ties, as expressed in dry-weight biomasses of community- 
fractions, at low levels of phosphate fertilization, above, 
and high levels, below. Aquarium fractions are: P— 
centrifuge plankton or seston (multiplied by 10 in the 
upper panel), SA—sidewall algae, BA—bottom algae, and 
S—sediment. 


Many of the nutrient ions were present in surplus, 
and the 14-week development produced little change 
in levels of these. No decrease in K, Mg, Ca, —SO,, 
and —NOs, could be shown at the levels of ae- 
curacy of the analyses. One ion which had not been 
introduced as such, —NO»s, was found to inerease to 
levels of 1-2 ppm by 4 weeks and thereafter; organic 
substances in solution, as determined by ignition loss, 
similarly increased during the early part of the 
development. Two ions, Fe and —PO,, were effec- 
tively utilized. Levels of Fe in solution fell from 
0.2 ppm to amounts varying around 0.1 ppm after 1 
and 0.01 ppm after 14 weeks in all aquaria. Levels of 
—PO, also fell in the manner indicated in Table 4, 
A, in the low-phosphate aquaria; by 8 weeks the phos- 
phates in both 0.52 and 0.05 ppm aquaria were re- 
duced to levels below 0.005 ppm which could not be 
distinguished by the chemical analyses. The close re- 
lation of iron and phosphates in lakes and their re- 
moval as ferric phosphate have been shown by Einsele 
(1936, 1938, Einsele & Vetter 1938); and the data of 
Jacobson (1951) suggest that, despite the chelating 
agent, some precipitation of iron and phosphate in 
this manner may have been occurring in these aquaria. 
Values for pH were close to neutrality in all aquaria 
throughout the experiment; they increased to 7.2 to 
7.3 in the last weeks. 
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Fig. 6 gives the general patterns of P*- levels in 
aquaria originally with 0.05, 0.52, 5.25, and 52.5 ppm 
phosphate. Fertilization with 0.05 and 0.52 ppm re- 
sulted in patterns of P** movement somewhat com- 
parable with those of the oligotrophic and eutrophic 
aquaria of experiments 1 and 2. In aquarium no. 2, 
illustrated at the top of Fig. 6, uptake by plankton 
was somewhat slower, but continued to a later, higher 
maximum P*" content than in experiment 1. In these 
aquaria without grazing snails, there was no terminal 
decline in P*" content of the attached algae, and much 
less accumulation of P*? in sediment. 
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Fic. 6, Expr. 3, P82 distribution in relation to time 
after tracer introduction (on square-root seale) in indi- 
vidual aquaria with different levels of phosphate fertiliza- 
tion—initial levels from 0.05 to 52.5 ppm as indicated. 
Aquarium fractions are: W—water, P—plankton, A— 
attached algae, and S—sediment. 





In general, removal of P®? from the water into 
organisms was effective, with high concentration ratios 
resulting, in the low-phosphate, but ineffective, with 
only low concentration ratios, in the high-phosphate 
aquaria. Phosphate levels in the 0.05 and 0.52 ppm 
aquaria at the time of tracer introduction were of the 
same order as those in most natural water bodies. The 
usual range of total phosphorus in uncontaminated 
lake waters is around 10 to 30 mg P/m? (0.03 to 0.09 
ppm phosphate if all phosphorus were in this form) ; 
that which is in the form of inorganie phosphate is a 
fraction of this and sometimes an unmeasurable or 
“zero” amount (Juday & Birge 1931, Hutchinson 
1957, Curl 1959). Phosphate phosphorus in sea water 
ranges from around 90 mg P/m? (0.28 ppm _phos- 
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phate) in deeper waters to much lower values, also 
approaching “zero,” in surface waters (Atkins 1923, 
1930, Seiwell 1935, Cooper 1938, Sverdrup et al. 
1946). Phosphate Tevels corresponding to the higher 
cnes experimented with occur only in a minority of 
lakes, primarily polluted or saline ones (Hutchinson 
1957), and are high enough to inhibit growth of many 


fresh-water algae (Chu 1943, Rodhe 1948). The 
kind of effective removal and concentration of P*" 


contaminant observed in the low-phosphate aquaria is 
to be expected in most natural water bodies. The 
experiment further suggests that the range of phos- 
phate levels between 0.5 and 5.2 ppm represents a 
transition or breaking point between effective and 
ineffective removal of P** from water into organisms. 
Addition of phosphate to a water body to levels above 
this range might be considered as a means of radio- 
contamination circumstances; but 
very large amounts of phosphate would have to be 
added to produce and maintain such levels. 

Rate values are compiled in Table 4, G. The up- 
take rates necessarily show an inverse relation to 
phosphate level; but in a few instances reversals of 
the expected relation between two pairs of aquaria 
appear, resulting from aquarium individuality and 
biomass differences. Turnover rates are de- 
pendent on phosphate levels in water and more de- 
pendent on characteristics of organisms and com- 
munity-fractions. Turnover rates for plankton are of 
comparable magnitudes at all phosphate levels, but 
lower by about one-half in the low-phosphate aquaria. 
The difference suggests that a_larger fraction of the 
P*? taken up is absorbed through plasma membranes 
and used in organic—syntheses in low-phosphate, a 
larger fraction is adsorbed and in labile states in cells 
in the high-phosphate, aquaria. The values of activity 
uptake rates and turnover rates show a pattern of 
relative magnitudes in different community-fractions 
which is significant, and consistent with some excep- 
tions through the series of aquaria. These values, as 
affected by surface-mass relations and relative meta- 
bolic activities, decrease in the sequence: filter plank- 
ton, centrifuge plankton, sidewall algae, bottom algae, 
and sediment. 

Activity densities and concentration ratios are given 
in Table 4, D and E. Concentration ratios for P** 
from water into organisms in the low-phosphate 
aquaria of this experiment are of notable magnitudes. 
They are much higher than in the lake studied by 
Coffin et al. (1949b) and in the Columbia River 
(Coopey 1951, Davis & Cooper 1951, Olson & Foster 
1952), where the water contains other radioisotopes 
less actively concentrated by organisms than P*?. 
Concentration ratios for attached algae in the 0.05 
ppm aquaria ranged from somewhat over 100,000 
times at 2.5 days upward through the latter part of 
the experiment, and those for sediment reached com- 
parable magnitudes later in the experiment. Concen- 
tration ratios for centrifuge plankton were above 
500,000 times in the 0.05 aquaria after 15 hours, 
above 1,000,000 times after 11 days. Even these 
values would be much increased if the comparison 


control in some 
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were based on the P** in inorganic phosphate in the 
water, rather than total P*- in filtered water. 

Concentration ratios for centrifuge plankton in one 
aquarium at the 9.05 ppm level were the highest 
observed in any aquarium in any experiment; they 
were consistently over one million times and reached 
values of 2.2 to 2.5 x 108 after 18 days. Such values 
(and that of 2.56 x 10® for fish reported by Sverdrup 
et al. 1946:233) need not be thought surprising in light 
of the low, and even unmeasurable, levels to which 
phosphate may be reduced in the water. Maximum 
activity density of centrifuge plankton in this 
aquarium reached 142 we/g at 5 days; and in the 
period from 2.5 to 11 days the centrifuge plankton 
contained 42-48%, the filter plankton 6-9% of the 
P8* introduced. Throughout the latter part of the 
experiment, distribution of P?* in water plus plankton 
averaged 67% in centrifuge and 9% in filter plankton, 
24% in filtered water. As in the sea during most of 
the seasonal cycle (Redfield et al. 1937, Sverdrup et al. 
1946) and in lakes, where the phosphorus as_phos- 
phate appears to be generally a fraction of the order 
of 1/2 to 1/10 that in dissolved organic substances 
(Juday & Birge 1931, Hutchinson 1941, 1957, Hayes 
& Anthony 1958), it is likely that a minor fraction of 
the 24% in the water was in the form of inorganic 
phosphate. 

Two approaches to prediction of activity densities 
and other expressions of P®* movement and con- 
centration in relation to phosphate levels may be con- 
sidered. The number of P*? atoms introduced in re- 
lation to P?! atoms already in the aquaria was very 
small. Specific activities (element) for phosphorus in 
the aquarium ecosystems should consequently form 
a log series in inverse relation to phosphate levels: 
2.93 x 10 —§ euries/gram at 525 ppm to 2.93 x 10 —? 
e/g at 0.05 ppm. Specifie activities in the water 
itself must, of course, depart from these values in the 
low-phosphate aquaria in a manner which ean be esti- 
mated from the data in Table 4, A and C. Concen- 
tration ratios and other values might be expected, 
however, to approach a logarithmic series paralleling 
that for specifie activities. It will be noted in Fig. 7 
that the points depart from the expected straight-line 
relation toward a sigmoid curve in which aquaria of 
the two lowest phosphate levels are more like one 
another, and those of the two highest levels somewhat 
more like one another, than the order-of-magnitude 
difference would imply. Other data in Table 4 give 
similar patterns; and contrasts between and 
high-phosphate aquaria are much smaller than the log 
relation would imply, tending to differ not by 4, but 
2 orders of magnitude. 

Second, concentration of P®* into organisms might 
he predicted from the relations: D,=SE,, A,=SE,M, 
R=D,/Dy=E,/Ey. D, is the activity density of an 
organism or community-fraction, D,, that of water; 
E, is the fraction by weight of the element among all 
elements in the organism or community-fraction, Ey 
the fraction of this element among all elements in 
water; A, is the radioactive content (in curies or uc) 
of an organism or ecommunity-fraction, M is the mass 


low- 
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of an organism or community-fraction, S is the 
specific activity of the element, and R is the concen- 
tration ratio into that organism or community-frae- 
tion from water. 
content of centrifuge plankton per liter of water at 
5 days in an aquarium of 52.5 ppm phosphate: 
D,= (293 x 10 —*-e/g) x (0:04)=1.17 pe/g, A= 
(2.93 x 10-5 e/g) x (0.04) x (1.1 x 10-* g/l)= 
1.29 x 10-3 pe/l, and R=(1.17 we/g)/(5.0 x 10-4 
ue/e@) = (0.04)/(1.7 x 10-5) =2.34 x 10°, as opposed 
to the independently observed values of D,=1.10uce/g, 
A,=1.22 x 10-3 pe/l, and R=2.15 x 10°. It may be 
possible thus to predict concentration effects in natural 
water bodies from specific activities and other factors. 
Such predictions in the experiments often departed 
widely from observation because of the inaccuracy of 
ineasurement of very small amounts of phosphate and 
plankton, and because of the variation in and un- 
certainty of E,,. 


Thus in one determination of P*- 
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Fic. 7, Expt. 3. Activity densities of centrifuge plank- 
ton (upper curve) and sidewall algae (lower eurve) 25 
days after tracer introduction, in relation to levels of 
initial phosphate fertilization. Both seales are loga- 
rithmie. 


A number of studies of algae (Ketchum 1939a, 
1939b, Ketchum & Redfield 1949, Lund 1950, Gold- 
berg et al. 1951, Rice 1953, Mackereth 1953, Knauss 
& Porter 1954; ef. Table 4, F) have shown that E,, 
the dilution of phosphorus in other elements in the 
organism, is a biological variable related to phosphate 
level in water. All the relations discussed above are 
affected by its variation. The contrasts between low- 
and high-phosphate aquaria in various respects are 
smaller by a full order of magnitude because algal 
cells contain only 1/10 or 1/20 as mueh phosphorus 
at the low phosphate levels. Other factors affected 
the departures from the expected logarithmic rela- 
tion: (1) As phosphate was removed from the water 
and bound elsewhere in the 0.05 and 0.52 aquaria, 


phosphate content of the water in these declined 
toward similar, minimal levels, resulting in con- 
vergence of these aquaria in various respects. (2) 
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The differences in biomass at different phosphate levels 
affect some of the values, especially P%? distribution 
per cents and gross uptake rates. (3) The fact that 
contrasts between the 52.5 and 525 ppm aquaria are 
less than expected suggests that some of the super- 
abundance of phosphate in the latter may be less 
directly available, or in less active movement, than 
other phosphate ions. All these factors act in di- 
rections tending to reduce some of the contrasts be- 
tween high- and low-phosphate aquaria, or between 
aquaria of the two highest or the two lowest phos- 
phate levels. 

These conclusions are suggested by the experiment: 

1) Different levels of phosphate in water lead to 
somewhat different patterns of development of aqua- 
rium communities. Rate of increase of biomass tends 
to be higher in high-phosphate aquaria; and plankton 
biomass to decline after an earlier, lower peak in 
low-phosphate aquaria. 

2) The pattern of removal of P*? from the water 
and coneentration into organisms is strongly affected 
by isotopic dilution of P®? in the non-radioactive phos- 
phate in the water. Relations between phosphate 
levels and rates and concentration values are, how- 
ever, complex and non-linear. 

3) Knowledge of isotopie dilution gives some basis 
ef prediction of concentration and removal effects; 
but, because of biological variables and difficulties 
of measurement, it is difficult to make such predictions 
accurate. 

4) In general, removal of from water into 
organisms was rapid and effective at low phosphate 
levels (0.05 and 0.52 ppm), slower and less effective 
at higher phosphate levels. Most natural water bodies 
are in the range of low phosphate levels at which 
effective removal from water and strong concentration 
into organisms are to be expected. 

5) Activity uptake and turnover rates for P#?, as 
affected by surface-mass ratios and metabolic activi- 
ties of organisms, show a sequence from high to low 
values in the order—filter plankton, centrifuge plank- 
ton, sidewall algae, bottom algae, and sediment. 

6) Reduction of water phosphate to levels below 
0.005 ppm results in concentration ratios of P* from 
water into organisms of notable magnitude—of the 
order of one and two million times into dry weight of 
centrifuge plankton. 


p32 





EXPERIMENT 4: SuRFACE UPTAKE IN 
Liv'NG AND DEAD AQUARIA 

As results of the earlier experiments were studied, 
surface effects were seen as a major difficulty of 
analysis and interpretation. The fourth experiment 
was intended to compare uptake on aquarium surfaces 
as a result of biological processes, with that on 
similar surfaces by adsorption alone. 

One approach to the problem is through comparison 
of P?" binding on sidewall plates or slides which have 
heen in an aquarium, and support organic growth, 
with that on clean plates or slides introduced into 
the same aquarium or a sterile P*” solution. This ap- 
proach was not considered most appropriate for the 
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present experiment. Clean glass does not offer the 
same kind of surface for adsorption as glass coated 
with organisms. Moreover, if clean plates are placed 
in a living aquarium, they are quickly colonized by 
microorganisms; within a short time the plates are 
no longer surfaces free of organic growth. If, on the 
other hand, plates are immersed in a sterile solution 
containing P®*, the adsorption in sterile conditions 
cannot be assumed to be the same as that in the 
very different conditions of a living aquarium. The 
approach which seemed appropriate for the present 
experiment, though also having its flaws, was com- 
parison of the rate at which P®? was bound to sur- 
faces in a living community, with that at which P?? 
was bound to surfaces of the same kind in an aquarium 
in which biological activities had been halted. The 
experiment was consequently based on comparing P?? 
levels in two aquaria—one living and active, the other 
identical with it in history, but killed with formalde- 
hyde shortly before tracer introduction. 

Two aquaria were filled with uncontaminated river 
water, seeded with organisms, and permitted to 
deveiop for 5 weeks with temperatures stabilized at 
20°C. Each aquarium received 18 sidewall plates and 
bottom trays. The day before tracer introduction, 
part of the water was removed from one aquarium 
and an equal volume of formaldehyde added, to pro- 
duce a 2.5% solution. No bacteria could be cultured 
from the aquarium thereafter, in various media used. 
Each aquarium received 106 wc of P®*; and beginning 
one hour thereafter samples were removed in a 
geometric schedule to 60 days. In the earlier samples, 
plates and trays were removed in sets of 3 to permit 
better comparisons. 

As would be expected, P?? was removed from the 
water less rapidly in the dead aquarium; after 5 days 
94% of the P** remained in the water, as opposed 
to 50% in the living aquarium. Yet, by 60 days, 
gradual accumulation of P® in sediment and on sur- 
faces had removed about half the P*? from the water 
in the dead aquarium. Uptake onto organic surfaces 
in the dead aquarium was far from insignificant; 
activity densities of sediment and attached algae were 
of the order of 1/2 those for the living aquarium at 
24 hours, 1/8 at 5 days. P®*®? levels on surfaces of 
plates were similar during the first 7 hours; the values 
for the dead aquarium were lower, but the difference 
is probably not a significant measurement. Later in 
the experiment, from 1 to 25 days, P®? levels on 
plate surfaces in the living aquarium increased to 
values generally about twice those in the dead aquari- 
um. P#? content of surface films decreased somewhat 
after 25 days in the living aquarium, but continued to 
increase to the end of the experiment in the dead 
aquarium. 

The results for the first few hours re-emphasize the 
importance of adsorption in initial P?? uptake and 
gross movement rates. The apparent suggestion that 
most of the initial uptake is adsorptive, and physical 
rather than biological in significance, should not be 
accepted without qualification. In the living aquarium 
adsorption occurs as one aspect of the complex 
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processes of movement onto surfaces and through 
surfaces into cells and from and through surfaces into 
water. The results of the latter part of the experi- 
ment support the significance of organisms in binding 
P*? to surfaces. The apparent result that about half 
the surface binding of P*? resulted from activities 
of organisms is also subject to various qualifications. 
The two ecosystems, which were alike when formal- 
dehyde was introduced into one, thereafter diverged 
increasingly in many of their characteristics. The 
two-fold difference in surface uptake later in the 
experiment is not a measurement made in truly com- 
parable systems. The role of chemical combinations 
of phosphate with other substances at the surfaces 
in the dead aquarium was not determined. The re- 
sults seem in general to support those of other ex- 
periments in these conclusions : 

1) The physical process of adsorption is of un- 
doubted (though widely variable) significance in these 
aquaria and may be a major component of rapid, ini- 
tial movements. Uptake of P®? by surface films of 
microorganisms is also of great significance in the 
movement of P®? in aquarium ecosystems. 

2) When, as in this experiment and presumably in 
most natural water bodies, surfaces are coated with 
films of microorganisms, then adsorption onto and 
uptake by these organisms are difficult to separate. 
Of surface effects in general it may be said that 
adsorption, absorption, and other processes are so 
interrelated that they cannot be sharply distinguished 
in practice, and perhaps should not be regarded as 
distinct and separate in their significance in the 
functioning ecosystem. 


TABLE 5. Summarized data for experiment 5 with 
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EXPERIMENT 5: P?" MOVEMENT IN 
AQUARIA AT DIFFERENT TEMPERATURES 


Work on the Columbia River and White Oak Lake 
has shown correlations of activity densities of organ- 
isms with seasonal temperatures (Davis & Foster 
1958, Krumholz 1956). The fifth experiment was de- 
signed to bear on a related though different problem 
—expression of temperature differences in rate and 
pattern of P?? movement in whole aquarium com- 
munities. 

Two sets of 3 aquaria were filled with uncontami- 
nated river water, seeded with pond organisms, and 
each provided with 12 sidewall plates, 10 bottom 
trays with 4 microscope slides each, and 10 bottom 
trays each containing 80 mg of mud from a shallow, 
eutrophic pond. Temperatures were stabilized around 
10°C in one set, 25°C in the other. After 4 weeks 
the aquaria were fertilized with an iron source (3mg/I 
of ferric citrate and citrie acid) to speed algal 
growth. After aquarium communities had developed 
for 35 days, 100 P32 were added to each 
aquarium, and samples were removed in a geometric 
schedule from 1 to 72 hours. 

Speed of aquarium aging and distribution of 
biomass among community-fractions were influenced 
by temperature (Table 5). Rate of growth of at- 
tached algae, especially, was greater in the warm 
aquaria. Greater utilization of nutrients by attached 
algae in the warm aquaria implied more rapid de- 
cline of plankton productivity, as indicated in the 
lower plankton biomasses in the warm aquaria at the 
time of tracer introduction. Average total dry-weight 
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cool (10°) and warm (25°C) aquaria. 
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biomasses for all community-fractions which could be 
weighed were 1.13 g for the ccol, 1.38 g for the warm, 
aquaria. 

Patterns of P*? distribution are illustrated in Fig. 
8. Removal of P%? from the water was somewhat 
more rapid in the warm aquaria. The difference was 
not large or statistically impressive (e.g. 41, 45, and 
37ye in cool vs. 41, 35, and 35ye in warm, of 
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Fig. 8, Expr. 5. P®2 distribution in relation to time 
after tracer introduction (linear seale) at lower tempera- 
tures (10°C, above) and higher temperatures (25°C, be- 
low). Aquarium fractions are: W—water, P—plankton, 
A—attached algae, and S—sediment. 


original 100 we remaining in the water at 51 hours) ; 


but this difference is thought significant for its 
consistency with data on algal uptake. Concen- 


tration of P*? into plankton in the cool aquaria 
led to peak levels of 18.4% of the P*? in filter 
and centrifuge plankton at 31 hours. In _ the 
yarm aquaria plankton P®" content reached an earlier, 
lower peak of 12.8% at 15 hours. In this, as in most 
other experiments, the fraction of P*? in the filter 
plankton was consistently lower than that in the cen- 
trifuge plankton—the filter plankton contained 14% 
of the P*? in filter plus centrifuge plankton in the 
cool, 33% in the warm, aquaria on the average during 
the period from 1 to 15 hours. Concentration of P%? 
into attached algae followed generally similar courses 
in the two sets of aquaria; but P®* was concentrated 
somewhat more rapidly, and to higher levels, in the 
warm aquaria. Uptake of P®? by sediment was 
relatively slow in these aquaria without feces from 
macroscopic animals; the 2.0% and 3.6% of the P%? 
introduced recovered from sediment in the cool and 
warm aquaria at 72 hours contrast with 17% at the 
corresponding time in experiment 1. 

The techniques of these experiments were not de- 
veloped to the point of dealing effectively with the 
complexities of phosphate relations to mud (Einsele 
1936, 1938, Mortimer 1941-2, Hutchinson & Bowen 
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1950, McCarter et al. 1952, Hayes 1955, Zicker et al. 
1956, Hutchinson 1957, Hepher 1958, Gorham 1958, 
Hayes et al. 1958, Macpherson et al. 1958). It is of 
interest, however, that by 72 hours large fractions, 
estimated as 19% and 21%, were concentrated into 
the mud in the two sets of aquaria. The mud and its 
organisms had thus accumulated an amount of P?? 
comparable with that in the attached algae of other 
surfaces, although the area of mud surface was less 
than 1/50 that of all other surfaces in the aquaria. 
The volume of water in the aquaria was equivalent to 
a column 200 em in depth over the mud surface. A 
much smaller fraction, a few per cent, of the P®? was 
concentrated into the silty and predominately inor- 
ganie mud of experiment 1. P** content of mud- 
surface organisms was about twice as high (2.2x in 
cool and 1.7x in warm aquaria) per unit area as that 
of the attached algae and other organisms scraped 
from bottom The greater nutrient availa- 
bility at the mud surface, and the rich growth of 
diatoms and other unicellular forms there, presumably 
account for this contrast. The determinations of 
P#? content of lower layers were not accurate; but 
they suggest that, although activity density of the 
mud was much higher at the surface, a larger amount 
of P®? was concentrated into the lower layers (about 
8.5 mm deep) than in the uppermost 1 mm at 72 
hours. 

Table 5 summarizes some of the rate values which 
bear on the essential question of the experiment— 
the effect of temperature on rates of movement of 
P38", Two hypotheses on this effect may be suggested : 
(1) Communities consist of organisms, and the van’t 
Hoff relation, of a 2- to 3-fold acceleration of rate 
with a 10°C increase in temperature within the 
range of normal function, should appear also in rates 
of community metabolism. Such a relation is sug- 
gested by the regression line of productivity in re- 
lation to temperature in 6 lakes drawn by Rawson 


slides. 


(1942). (2) There is a tendency for rather similar 
metabolic rates to evolve in organisms living in 


different environmental temperatures (Thorson 1950). 
Natural communities of different environments are 
assemblages of organisms which most effectively utilize 
resources of environment at the prevailing tempera- 
tures of those environments. Rates of movement of 
substances in comparable communities may conse- 
quently be similar, though not necessarily identical, 
over a considerable range of temperatures. 

In this experiment different communities are being 
compared for different temperatures, and these dif- 
ferent communities have different biomass distribu- 
tions. Gross uptake rates are consequently not direct- 
ly comparable from one set of aquaria to the other. 
The fact that communities of different composition 
and character must be compared is, however, inherent 
in this problem. Comparison of rates from communi- 
ties which had developed at the same temperatures, 
and were then exposed to different temperatures, 
would ask a different question; and the answer might 
well be compromised by the rapid successional changes 
set in progress with the change of experimental 
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temperatures. The activity uptake rates permit direct 
comparisons, independent of biomass differences; but 
these, like the gross rates, are subject to effects of 
adsorption and other limitations. Turnover rates 
must be indirectly estimated from uptake rates and 
maximum activity levels; and the turnover rates for 
bottom algae, mud, and sediment do not permit signifi- 
cant comparisons between the two sets of aquaria. 

When the rate values are considered with such limi- 
tations in mind, it may first be observed that the gross 
uptake rates, with one exception, range from 1.3 to 1.8 
times as high in the warm aquaria. Much of the 
difference reflects differences in biomass, however; and 
in one case, the centrifuge plankton, the smaller bio- 
mass in the warm aquaria resulted in a lower gross 
uptake rate there. There is no significant biomass 
difference for sediment, and the higher gross up- 
take rate for sediment in the warm aquaria may 
represent more intense bacterial activity. Compara- 
ble contrasts appear in two other community-fractions 
in which bacteria have an important part—the filter 
plankton and the surface film. Data for the latter 
are not given in Table 5; but gross uptake rates of 
0.0010/hr in the and 0.0016/hr in the warm 
aquaria are suggested by converting data from glass 
plates to total aquarium wall surface (actual values 
for the enamel walls would be higher). The activity 
uptake rates show differences ranging from 1.2 times 
higher for centrifuge plankton, through 1.4 for side- 
wall to 1.6 for bottom algae. The activity uptake 
rate for sediment was twice as high in the warm 
aquaria, but the bacterial biomasses involved are 
unknown. The turnover rates, finally, suggest some- 
what smaller differences, with ratios between 1.0 and 
1.5 for the warm vs. the cool aquaria. 

In general, the rate value comparisons range from 
near equality, through rates which are approximately 
half again as high in the warm aquaria, to the nearly 
2-fold differences of some of the gross uptake rates 
affected by biomass differences. These are not the 3- 
to 4-fold differences implied by the van’t Hoff relation ; 
and the question of community rate relations to 
temperature is clearly distinct from that of effects of 
temperature on individual organisms. It seems likely 
that basic uptake and turnover rates, when expressed 
in forms independent of biomass difference, are of 
similar magnitudes in the two sets of aquaria, but 
differ by factors of perhaps 1.1 to 1.6. Such frae- 
tional differences may have significant expression, 
especially over an extended period of community 
function—as in the successional and re- 
sulting biomass differences of the aquaria in this 
experiment. This experiment is much too slight a 
basis for confident generalization. It suggests, how- 
ever, that those basie rates in community metabolism 
which are independent of biomass differences show 
relatively small inereases in response to higher tem- 
peratures within a normal range, with similar, though 
not identical, rates resulting from the adaptation of 
organisms and communities to different temperatures. 
The conclusions from the experiment may be sum- 
marized : 
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1) A temperature difference between sets of aquaria 
kept at 10°C and 25°C was reflected in rates of de- 
velopment of the aquarium communities; the warm 
aquaria aged more rapidly, with faster development 
of the attached algae and earlier decline of the plank- 
ton. 

2) P§* movement was affected by resulting biomass 
differences. P?? moved less rapidly from water into 
centrifuge plankton and more rapidly into attached 
algae, and the over-all rate of removal of P** from 
the water was higher, in the warm aquaria. 

3) The rate differences between and warm 
aquaria were much smaller than the 3- to 4-fold con- 
trast which might be suggested by the van’t Hoff 
relation. When the rates were expressed in forms 
independent of biomass differences, their magnitudes 
ranged from near equality to values around 1.6 times 
higher in the warm aquaria. It is suggested that some 
basic rates of community metabolism may be of similar 
considerable range of environ- 


cool 


magnitudes over a 
mental temperatures. 

4) P®° was very strongly concentrated into the mud, 
of high nutrient and organic-matter content, and mud 
organisms of this experiment. 


EXPERIMENT 6: UptaKE AND Loss or P#? 
BY DAPHNIA AND FISH 

The experiments with indoor aquaria did not pro- 
vide effective data on uptake by animals other than 
snails. A number of small-scale experiments were 
consequently carried out with Daphnia and fish; and 
results of these will be described as “experiment 6.” 

The first experiment measured uptake of P#* by 
Daphnia pulex populations in two of the 200-liter 
aquaria. One of these contained uncontaminated 
river water fertilized with organic nutrients (food 
pellets for laboratory animals), the medium used for 
culturing the Daphnia, and was permitted to develop 
12 days before addition of P*?. The other was filled 
with de-ionized water and, to render this less intolera- 
ble to organisms, provided with dissolved inorganic 


nutrients (NaCOs, KsSO4, and MgCl) to a total 
content of 20 ppm just before P?? introduction. No 


nitrogen or phosphorus was introduced except that 
which, necessarily, entered with the Daphnia them- 
selves and the tracer solution. The experiment was 
intended to contrast uptake in the food-rich medium 
of the organic-fertilized aquarium and the foodless 
medium of the de-ionized water. It is the patterns 
of uptake with time which can thus be compared, not 
amounts of uptake; for the two aquaria were in no 
way comparable in the amounts of non-radioactive 
phosphate in the water or other respects. Each 
aquarium received 100 we of P®* 24 hours before the 
Daphnia immersions. Levels of P*? content of the 
water (and of the plankton in the organic medium) 
remained essentially stable through the experiment; 
this relative stability resulted from high content of 
phosphate in the water and concentration of the 
ecosystem’s biomass in the water in the organie- 
fertilized aquarium, near-absence of organisms to re- 
move P?* from the water in the de-ionized water. 
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In order to control closely the time of exposure to 
P8*, Daphnia were immersed in these aquaria in cages 
made of plankton netting. (Hexagons 30 em across 
were cut from 16/em mesh; one of the 6 triangles be- 
tween side and center was cut out and the edges sewed 
together to form a shallow cone; and the cone was 
shaped while wet to dry as a sack which could be 
closed with a rubber band to contain a small popula- 
tion of Daphnia.) The cages of Daphnia were trans- 
ferred from an uncontaminated into the P*?-contain- 
ing aquaria, and thereafter removed in a geometric 
schedule from 1/8 to 64 hours. As quickly as possible 
after removal the Daphnia were released into a 
beaker of tap water for a 30-second, free-swimming 
rinse; living Daphnia, which did not sink to the bot- 
tom, were then concentrated onto weighed counting 
plates. Plates were prepared in triplicate for all 
time intervals. The Daphnia were dried under a 
lamp, the plates were re-weighed, and collodion was 
added to prevent loss from the mass of Daphnia as 
weighed. Daphnia individuals were counted on some 
plates; but all rate values to be discussed are based 
on P#? content per gram of dry weight. Since the 
experiments were intended to relate to communities, 
they studied uptake and loss by Daphnia populations 
of all ages, mixed, rather than individuals of a par- 
ticular age. 


3; sh ein 









nm 


~ 





@ 


density, wc/g 





6 i2 I8 24 30 36 42 48 54 60 66 
hours time of exposure to P32 

















Fig. 9, Expr. 6. Uptake of P32 by Daphnia pulex popu- 
lations, as represented by activity densities (we/g dry 
weight) in relation to time on a linear seale, in different 
media. Above—in older aquaria with organic-fertilized 
water (O) and de-ionized water (D) with 20 ppm inor- 
ganic nutrients. Below—in younger aquaria with 
organic-fertilized (O), de-ionized (D), and Columbia 
River (R) water. P%? levels in the media were 0.5 we/I. 


The two uptake patterns which resulted are given 
in the upper half of Fig.9. The curve for the organic 
medium shows rapid initial uptake, followed by a 
straight-line increase of P®? content until, by 64 hours, 
the line curves toward an equilibrium and declines to 
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lower P*? content at 113 hours. The linear portion is 
considered to represent uptake by feeding on the 
abundant bacteria of this medium. Crustacea are 
known to swallow water (Fox 1952) and may absorb 
some phosphate from this water; but experiments by 
Harris (1957) suggest that this uptake, if it occurs, 
is small in relation to phosphate obtained in the food. 
Daphnia which had been placed in cages in the 
aquarium before P®? was added had, at the time of 
the 64-hour samples, essentially the same _ activity 
densities as these; and these levels may consequentiy 
be taken as an equilibrium in relation to water and 
food. 

Analysis of the three portions of the curve sug- 
gests: (1) initial, rapid P*" uptake by adsorption— 
the 1/8 and 1/4-hour points suggest an activity uptake 
rate of about 0.25 we/g/hr or, substracting the 0.051 
rate for feeding, 0.20 we/g/hr adsorptive uptake. (2) 
An equilibrium level for the adsorption, based on 
subtracting the values indicated by the linear feeding 
uptake rate from actual values plotted, of 0.055 we/g, 
reached in less than an hour. (3) A turnover rate of 
0.06/min for the adsorbed P®*. (4) A linear uptake 
by feeding of 0.051 we/g/hr. (5) An equilibrium 
level of 2.90 we/g at 64 hours, representing a con- 
centration ratio of 6.0 x 10° in this medium rich 
in phosphates in various states. (6) A turnover rates 
for the ingested P®? of 0.018/hr. 

The suggested equilibrium amount of adsorbed P®* 
is about 1/50 that taken up by feeding. These results 
are similar in character to those of Rice (1956) on 
strontium adsorption on dead and absorption by living 
The turnover rates may be compared 


algal cells. 
Gammarus in sea 


also with those for Artemia and 
water in the experiments of Harris (1957). If uptake 
by adsorption and feeding are not distinguished, an 
apparent turnover rate of 0.086/hr results in the 
present experiment, compared with one of 0.062/hr in 
an experiment on P*? loss to be described, and 0.029/ 
hr for Daphnia with much less abundant food in 
the outdoor pond (experiment 7). Harris’ data, 
interpreted in the manner of these experiments, give 
turnover rates of 0.083/hr for Artemia and 0.16/hr 
for Gammarus. The turnover implied by these rates 
may reinforce the observations of Cooper (1935), 
Gardiner (1937), and Seiwell & Seiwell (1938) on 
the importance of microcrustacea in phosphorus 
eyeles, especially with consideration of two other 
processes—sedimentation of unassimilated phosphorus 
in feeal pellets, and the enzymatie breakdown of or- 
ganic forms to inorganic phosphate without assimila- 
tion suggested by Margalef (1951). 

The curve for de-ionized water shows a much more 
rapid initial uptake to higher activity densities and 
a later, slower, and possibly linear increase. Few 
of the Daphnia in the de-ionized water lived beyond 
8 hours in this experiment, and the later points of 
the curve are based on plates of dead Daphnia. 
Analysis of the curve suggests: (1) An initial uptake 
rate of 1.5 pe/g/hr. (2) An equilibrium level for 
adsorptive uptake which may be represented by the 
activity density of 0.450 uwe/g at % to 1 hour (but the 
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curve slopes off gradually to 0.600 we/g at 2-4 hours 
in this experiment). (3) A turnover rate for the 
adsorbed P#? of 0.055/min, based on the activity 
density at 4% to 1 hour, or 0.042/min, based on that 
at 2-4 hours. Rapid flux of the adsorbed P*? is 
indicated by such values, implying that the average 
P®? atom may spend 12 to 16 minutes in the adsorbed 
layer. (4) A later, apparently linear, uptake rate 
of 0.023 pe/g/hr. Since the Daphnia were dead 
during most of this later increase, uptake and accumu- 
lation by bacteria on and in the dead Daphnia may 
be suspected. 

In another, similar experiment, 3 of the 200-liter 
aquaria were filled with uncontaminated river water, 
de-ionized water with 20 ppm inorganic salts, and 
uncontaminated river water with organic fertilizer. 
All 3 aquaria received 100 ye of P® the next day, 
and on the following day were used for immersion 
of Daphnia in The activity density curves 
which resulted are given in the lower half of Fig. 
8. In all 3 media there was rapid uptake during 
the first 10-12 minutes, with adsorptive equilibrium 
apparently reached in the 22-minute sample and re- 
maining almost unchanged to the 1.5-hour sample. 
Little food was available in any of these aquaria 
during this time. Indicated activity uptake rates, 
equilibrium levels, and turnover rates are: De-ionized 
water, 1.2 we/g/hr, 0.22 we/g, and 0.091/min; river 
water, 0.41 pe/g/hr, 0.10 we/g, and 0.069/min; organic 
water, 0.12 pe/g/hr, 0.030 we/g, and 0.067/min. Up- 
take and equilibria are inversely related to concen- 
tration of non-radioactive phosphate in the water; 
the turnover rates suggest again the very rapid, 
several times an hour, turnover of the adsorbed P#?. 
The later portions of the curves show increasingly 
rapid uptake of P** with time, resulting from the 
this ex- 


"ages. 


gradually increasing supplies of food. In 
periment a sparse plankton developed in the de- 
ionized water some time after the Daphnia had been 
introduced; and some Daphnia survived to reach, at 
8 days, concentration ratios of P®* from water of 
2.0 x 105, 

Experiments were run also on the loss of P#? by 
Daphnia populations. Daphnia cultured in 
aquaria fertilized with organic material and spiked 
with P*, Three days after P*® introduction, the 
experimental Daphnia were removed. Five samples 
were rinsed and plated as controls; other small popu- 
lations were set aside in 2-liter beakers of uncon- 


were 


taminated river, de-ionized, and organie-fertilized 
water. Samples were removed from the beakers, 


rinsed, and plated in triplicate in geometrie schedules 
starting at 1/8 hour. Water in the beakers was re- 
placed at intervals of 6, or later 24, hours to reduce 
return movement of P®? from water to Daphnia. 
The data for short time intervals suggest an initial 
turnover rate of 0.062/min in organie water; as 
generally observed in such experiments, loss was in- 
creasingly slow with increased time thereafter. De- 
tails of the later loss are not presented because it is 
believed that, despite the changes of water in the 
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beakers, data for longer periods are affected by re- 
turn movement of P*? from water to Daphnia. 

Experiments were run also on uptake and loss by 
young and mature Daphnia, maintained in separate 
cages and beakers. In other experiments Daphnia 
were immersed in cages in P**-contaminated aquaria 
for intervals of 1/6, 1, 6, 36, and 72 hours, and after 
these intervals transferred to uncontaminated aquaria 
to be removed and plated after the same schedule of 
intervals. The experiments with young and mature 
Daphnia indicate that, as might be expected, uptake 
and loss are more rapid in the more rapidly growing, 
younger population; the experiments with loss in 
relation to time of immersion indicate that loss of 
the predominantly adsorbed P*? acquired in short time 
intervals is relatively faster than that of the predomi- 
nantly ingested P®* aequired over longer time inter- 
vals. Results of these experiments seem not, statisti- 
cally, to justify quantitative statement. 

In the experiments with fish, sets of 12 mature 
Daphnia were counted out into 2-liter beakers from 
an organic-fertilized aquarium containing P®*, Ten 
of these sets were concentrated onto counting plates, 
and small fish were released, one each, into the other 
beakers. After 2-3 hours those fish which had con- 
sumed all 12 Daphnia were transferred to uncon- 
taminated aquaria or fish troughs, while other sets 
of Daphnia were plated to indicate loss to the water 
during the feeding period. Sets of 10 fish were re- 
moved from the aquaria or troughs 1 day, 1 week, and 
1 month after the feeding; these and a set of control 
fish which had not been fed the Daphnia with P*? 
were killed, weighed, plated, and counted for P** 
content. Daphnia were chosen for the experiment 
to provide an essentially natural, living animal food 
(cf. Pendleton & Smart 1954). The experiments were 
intended to answer two questions: (1) What fraction 
of the P*? ingested by the fish was digested and 
assimilated, as indicated by the 1-day sample in com- 
parison with the food Daphnia? (2) At what rate 
was the P®? which had been assimilated lost from the 
fish, as indicated by comparison of the 1-week and 
l-month with the 1-day Three experiments 
with guppies kept at gave average 24-hour 
retention of 64%, 57%, and 53% of the P?? ingested; 
one experiment with salmon kept at lower, variable 
river temperatures gave 69% retention. Variability 
of P** content of individual fish was high. (Average 
values for sets of 10 plates in we x 104, with standard 
deviations, for the salmon experiment were: Daphnia, 
12 per plate, 15.82 + 1.41; control salmon 0.14 


samples? 
par as by 


+ 0.07; 24-hour experimental salmon 11.03 + 
2.01). This fact, and the differences among the 
three experiments on guppies, suggest that P?? 
retention may be much, influenced by individual 


variability and experimental conditions, and that the 
results should not be stated in more exact form than 
a 24-hour retention of about 14 to 34-of the P?? in 
the food. Average retention of P3? by guppies (re- 
taining 53% at one day) was 47% at 1 week and 32% 
at 1 month; that for salmon (retaining 69% at one 
day) was 64% at 1 week and 57% at one month. 
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Converted into turnover rates for the 6 days between 
the 1-day and 1-week samples, these become 0.0008/hr 
for guppies and 0.0005/hr for salmon; lower rates 
are implied by comparison of the 1-week and 1-month 
samples. These rates for ingested and assimilated 
P82 are of different magnitudes from the suggested 
gross turnover rate of 0.0036/hr for guppies in the 
outdoor pond, and the initial loss rate of the order 
of 0.003/hr suggested by an experiment of Hayes & 
Jodrey (1952) with P** injected into small trout. 

The following points are suggested by these ex- 
periments : 

1) The results re-emphasize the importance of rapid 
adsorption in uptake over short periods, and the com- 
posite or synthetic character of gross uptake and 
turnover rates. 

2) Although adsorbed P®* may predominate over 
ingested P8? in determining activity densities during 
the first hour, the relative importance of the adsorbed 
P32 later declines until (in one experiment with 
Daphniz in organic-fertilized water) the adsorbed P** 
represents only about 2% of the total. 

3) Data for Daphnia in de-ionized, river, and 
organic-fertilized water show effects of isotopic dilu- 
tion on P®? uptake by both adsorption and ingestion. 
These results suggest that the relative importance of 
adsorptive uptake is much less in the more natural 
water of living communities than in the unnatural 
inedium represented by de-ionized water moderated 
with-small amounts of inorganie salts. 

4) The data on loss of ingested P#*? by fish, together 
with those on snail feces in experiment 1, suggest the 
significance in community metabolism of P*? which is 
harvested from a given trophic level by animals, but 
returns with their feces to sediment or water without 
being assimilated. 

EXPERIMENT 7: P32 MOVEMENT IN AN OuTDOOR PonpD 

In the final experiment to be deseribed, 20 me of 
P?* were released into an outdoor pond containing 
about 17,000 1 of water. The experiment was de- 
signed to provide information on P?? movement from 
a water body which, though small and man-made, is 














less artificial and less miniature than the indoor 
aquaria. The pond and sampling procedures have 
been deseribed under “Methods.” 
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Fig. 10, Expr. 7. P3? distribution in relation to time 
after tracer introduction (on square-root seale) in an 
artificial outdoor pond. Aquarium fractions are: W— 
water, P—plankton, A—attached algae, Z—animals. 
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The distribution of P** in sampled community- 
fractions in relation to time is illustrated in Fig. 10. 
As in the indoor aquaria there was a rapid, almost 
precipitate, departure of P*®? from the water. In 
this, as in some of the indoor aquaria with limited 
plankton and heavy growth of attached algae, the pre- 
dominant movement of P®? even during the first few 
hours was into the attached organisms. 

Approach toward equilibrium levels was most rapid 
in the filter plankton, which approached maximum 
P®? content in 6 hours. Activity densities of centri- 
fuge plankton approached maximum levels by 6-12 
hours, although total content of P** increased up to 
the 24-hour sample. The microcrustacea (predomi- 
nantly Daphnia pulex) reached maximum levels of 
activity density and P*" content at 24 hours. Turn- 
over rates (Table 6) and rapidity with which maxi- 
mum levels are approached are inversely correlated 
with sizes of these microorganisms (ef. Odum et. al. 
1958 on macroscopie algae). The gross uptake rate for 
Daphnia reflects the temporarily high population at 
the time of tracer introduction; a value of half this 
or less should more nearly represent average function 
of the pond community. After 24-48 hours, the 
activity densities of all these plankton fractions de- 
clined in response to the declining P** content of the 
water. The pattern of P*? distribution in water and 
plankton which prevailed from 4 to 8 days was: 80% 
in the water, 1.9% in the filter plankton, 17.6% in 
centrifuge plankton, and a small, unmeasured amount 
in microcrustacea. P*? uptake by attached algae led 
to peak levels after 2 days, while the slower uptake 
by animals led to peak levels in 4 days, if all animals 
of the community are grouped together. 

Activity densities of several animal species are 
shown in Fig. 11. The increase of P?* content of 
these with time is apparently linear—as suggested also 
by data of Rice & Smith (1958) on uptake of P# 
from phytoplankton by clams, and data of Lovelace & 
Podoliak (1952) and Rosenthal (1956) on Ca*® up- 
take by fish. The rate of increase of activity density 
among these animal species shows a clear inverse re- 
lation to size. This relation, however, is also in part 
one of food habit, for the microcrustacea and mayfly 
nymphs are primary consumers or, in the rather loose 
sense appropriate to many aquatic animals, herb:vores, 
while the larger forms are secondary consumers or 
carnivores obtaining their P*? third-hand through 
other animals. The data for backswimmers provide an 
indication of size effects on uptake within the same 
species. The backswimmers were classified as small 
(<2.0 mg dry weight), medium (2.0-7.0 mg), and 
large (7.0-12.0 mg) nymphs and adults (mostly 15-20 
mg, not available until later in the experiment) and 
separately plated. The inverse correlation of 1=te and 
size is evident in Fig. 12. The activity uptake rates in 
uc/g/hr were: 0.09 for the small (1.7 mg average), 
0.045 for the medium (5.4 mg average), and 0.030 for 
the large (9.6 mg average) nymphs, suggesting a 
direct relation of these rates to surface per unit mass. 

It may be noted that there is no evident upward 
convexity in these curves during the first few hours, 
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TABLE 6. Summarized data 
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for experiment 7 with an outdoor pond. 
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Microcrustacean. . | 2.0x10® 21.6 0.0014 (1.29 |0.029 | 24.4 24h | 3.8x104 | 2.63 
Attached algae, etc. 
Bottom rocks... 1.2x10” 985 0.0125 (0.48 |0.15 3.08 2d | 8.6x10? | 7.66) 8.62) 6.33) 5.26 
Sidewalls....... 1.4x10" 117 0.0015 (0.838 (0.12 6.60 4d | 1.8x104 | 1.44 1.48) 0.90) 0.59 
Herbivores 
Mayfly nymph. 1.5x10° 60.0 8.3x10-* (0.28 (0.018 15.3 4d | 8.6x104 | 2.00) 4.35 
(Callibaetis ) 
Carnivores 
Backswimmers... . 5,750 26.8 7.5x10-° 0.057 0.011 5.00 8d | 4.1x104 | 0.18) 0.67) 0.56) 0.38 
(Notonecta) | 
Dragonfly nymph... . 250 14.5 2.1x10-> (0.030 |0.0035 8.49 16d | 8.0x104 | 0.05) 0.40) 0.55) 0.37 
(Sympetrum) | 
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(Dytiscus) 
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( Lebistes) 
Water strider... 120 1.8 1.2x10-7 |0.0014/0.0030' 0.82 30d | 1.0x104 0.01 
(Gerris) 
All animals. . 131 0.0024 5:0 16.0 | 1.3) 
Surface film............. 0.005 0.024 4.9 | 4.4] 4.1 ( 
Water....... 0.05 30.3 |10.0 | 5.34) 0.72 
Deficit... . 0.03 45 67 80 8S 


such as might be expected from rapid initial surface 
uptake (cf. Figs. 1 & 9). There is, on the other hand, 
no clear evidence of a coneavity in the first portions 
of the curves, such as might be expected to reflect 
the lag in P*? uptake in animals, until P®? content 
of food reached its equilibrium levels. This lag effect 
did appear in striking form in one animal species— 
the water striders (Fig. 12), which can obtain signifi- 
cant amounts of P*? only from their food. Activity 
densities of these were low and erratic during the first 
4 days, and then rose at a fairly steady rate to 30 
days. The apparent straight-line approach toward 
equilibrium during the first part of the experiment in 
all other animal species for which data are useful 
is probably less simple than it appears. The con- 
cavity which should result from the lag effect is pre- 
sumably obscured by the initial surface uptake, pro- 
ducing an approximately linear increase in total P?* 
content. 

Longer-range trends in P®* content of animals may 
also be observed in Fig. 11. All animal species show 
basically similar patterns: an approximately linear 
initial increase in P®? content, slowing down as 
maximum levels are approached and reached, followed 
by a decline in response to declining P** content of 
food. It will be observed that the sequence of the 
times of peak activity densities is in the same order 
as the size and rate relations. The larger the animal 
and the slower its relative growth and metabolic 
turnover, the slower its approach to maximum activity 


density. The larger animals also show slower declines 
of activity density from maximum levels. Moreover, 
heights of the maximum levels are correlated with 
size; for the smaller forms, which rapidly took up 
P32 and achieved their own maximum levels while 
levels of water and food organisms were still high, 
reached higher activity densities in the cireumstances 
of this experiment than the larger forms. Turnover 
rates, on which these other relations of P*? content 
to time largely depend, also show a marked inverse 
correlation with size (Table 6). Within the generally 
similar patterns of P®* change with time in these 
different animals, a series of correlations with size and 
turnover rate may be observed: In general the larger 
animal has a slower rate of uptake per unit weight, 
reaches its maximum level of P*” content later, reaches 
a lower maximum level of activity density, declines 
more slowly from this maximum, and retains a larger 
proportion of its maximum level to the end of the 
experiment. 

The inverse relation between activity uptake rates 
and size implies that concentration ratios will also 
show an inverse relation to size at a given time earlier 
in the experiment. The concentration ratios at the 
times of maximum activity densities given in Table 
6, however, show no clear correlation with size and 
trophic level in ine circumstances of this experiment, 
in which maximum activity densities are reached at 
different times in relation to changing water activities, 
while radioactive decay is compensated for. Activity 
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Fig. 11, Expr. 7. P?? content of animals (in pe/g dry 
weight) in an outdoor pond, in relation to time after 
tracer introduction on a linear seale. Animals are: 1— 
Daphnia, 2-—Callibaetis mayfly nymphs, 3—Notonecta 
back-swimmers, 4—Sympetrum dragonfly nymphs, 5— 
Dytiscus diving beetle adults, 6—Lebistes fish 


uptake rates and maximum activity densities in Table 
6 cannot be directly compared with those in the indoor 
aquaria because of the difference in water activities. 
Initial water activity in the outdoor pond was 1.18 
we/l, compared with a standard level of 0.5 pe/] in 
the indoor aquaria. Activity uptake rates may con- 
sequently be divided by 0.0012 we/g and 0.0005 pe/g 
respectively, to obtain comparable activity concentra- 
tion rates (r;), or the activity uptake rates and activi- 
ty densities in Table 6 may be multiplied by 0.47 for 
comparison with the data for indoor aquaria. 

Algae seraped from sidewall plates and from rocks 
were essentially similar in their patterns of P®” up- 
take. P38? content per unit of surface area on the 
plates averaged 4 to % that of the rock surfaces 
through most of the experiment, corresponding in 
general with the biomasses per unit area. The curves 
for P®? content of surface films on rocks and plates 
are similar in form to those for attached algae, but the 
films reached maximum activities more quickly (1 vs. 
2-4 days). Throughout the experiment the ratio of 
P®? in surface film to that in attached organisms 
seraped from the same surface averaged 0.48 for the 
rocks, 0.27 for the glass plates. The greater irregu- 
larity of the rock surfaces was presumably responsible 
for the greater proportion of the P®? recovered in the 
acid washing of the rocks. The patterns of change in 
P%2 content of surface films with time do not suggest 
heavy initial uptake by adsorption. These curves, and 
the data for other community-fractions, suggest that 
the relative significance of adsorption in the determi- 
nation of rate values was much smaller than appeared 
to be the ease in some of the indoor aquaria. 
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Fig. 12, Expr. 7. P?? content of animals in an outdoor 
pond, continued. Above—Gerris water striders; below— 
small (1), medium (2), and large (3), Notonecta nymphs. 


The results do not, however, suggest a minor role 
for “surface uptake” in a broader sense. The esti- 
mates of surface-film P*" in Table 6 are based on the 
area of a single, uppermost layer of rocks on the 
bottom plus the sidewalls. These values are un- 
doubtedly gross underestimates. The rock layer aver- 
aged about 20 em in depth; the rocks averaged 3-4 
em in their shortest axis. There were thus 5 or 
more layers of rocks, and allowance should be made 
also for smaller rocks toward the bottom and sand and 
dust which were blown into the pond and settled 
toward the bottom. Surface uptake per unit area 
may well be less below the uppermost level, but it 
seems reasonable to multiply the values based on this 
layer by a factor of 6 or more. 

One of the striking features of this experiment, 
as of experiment 1, is the magnitude of the “defi- 
cit” of P®? unaccounted for in the community-frac- 
tions sampled. After 24 hours only 55%, after 16 
days 25%, and after 44 days 12% of the P#? intro- 
duced could be accounted for. Some small fraction of 
this deficit of 88% at the end of the experiment 
reflects the emergence of adults of, the aquatie in- 
sects, carrying their P*? with them out of the pond. 
But it is believed that not more than 5% ean have left 
the pond this way with the emergence of the mayfly 
nymphs after 16 days, and probably no more than 
2% with other insects which left the pond. Penetra- 
tion of light to rocks below the uppermost level prob- 
ably implies that the estimate of P*®? in attached 
algae, based on the uppermost level only, is too low. 
Since this estimate for the end of the experiment was 
only 6%, little of the deficit can thus be accounted 
for. There were also the worms, midge larvae, cope- 
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pods, and other organisms living down among the 
rocks, which could not be sampled. So far as could 
be judged, their biomass was small compared to that 
of the visible aquatic insects, and the visible insects 
contained only a few per cent of the P®?. 

Two community-fractions which may reasonably 
account for most of a deficit of this magnitude re- 
main. Binding of P#? in surface films is one of these; 
presence of 4-5% of the P®" on the surfaces of the 
uppermost rocks and sidewalls, and the extent of the 
surfaces under those rocks, suggest that 30-40% of 
the P82 may have been located there. No measure- 
ment of P** in sediment was attempted in this ex- 
periment; but sediment contained about 30% of the 
P38? at the end of experiment 1. It is reasonable to 
suppose that another 30-40% of the P®? in the outdoor 
pond may have been located in the sediment, and that 
settling of sediment into the lower layers of the bottom 
rocks was a major factor in the removal of P?? from 
the portion of the ecosystem on and above the upper- 
most rocks. Although the river-worn rocks are con- 
venient sampling units, the conditions of this experi- 
ment—shallow, still water above a substrate appropri- 
ate to swift currents—are clearly atypical. Much the 
same kind of downward movement of the P?? was 
observed, however, in the mud trays of experiments 
1 and 5. One of the striking results of these ex- 
periments is the manner in which the P®* moves un- 
derground, leaving the community of the water and 
lighted surfaces for the sediment, surfaces, and organ- 
isms of the unlighted depths of the substrate. 
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Fig. 13, Expr. 7. Trophic pyramids for the community 
of an artificial outdoor pond expressed as estimated num- 
bers of individual organisms on left, biomass in dry- 
weight grams in middle, and relative productivities as 
suggested by P®? gross uptake rate values times 1000 on 
right. Proportions of steps for numbers of individuals 
are on log seale. Trophic levels are green plants or 
producers (1), herbivorous animals or primary consumers 
(2), carnivorous animals or secondary (and _ tertiary) 
consumers (3). 


The outdoor pond, finally, provides some basis for 
cons:deration of community pyramids; Fig. 13 illus- 
trates three ways in which these may be represented 
(ef. Odum 1953, 1959). On the left is a pyramid of 
numbers of organisms on different trophic levels. The 
number for individuals (cells, not colonies or fila- 
ments) of the producers, or algae, is an estimate 
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based on biomasses, not cell counts, and on rather 
arbitrary choices of 8.2 x 10-1! and 1.8 x 10-"g 
as intermediate dry weights of cells for attached and 
plankton species, determined from volumes of cells 
of common species and data of Ketchum & Redfield 
(1949). No estimate of protozoan and rotifer indi- 
viduals is available. The pond contains no organisms 
which could be designated secondary carnivores, al- 
though dragonfly nymphs and guppies probably took 
smaller backswimmers as well as their principal food, 
the mayfly nymphs. The center pyramid is based 
on biomass estimates (ef. Odum & Odum 1955, Odum 
1957); that on the right is an approach to the 
more fundamental pyramid of productivity, based on 
use of the tracer information. For the construction 
of this pyramid it is assumed that the gross uptake 
rates into community-fractions express productivity 
(ef. Odum et al. 1958). These rate values are as- 
sumed to reflect primarily the intake and utilization 
of phosphate in metabolism and the synthesis of 
organie compounds in growth, and to be significantly 
(but certainly not, because of adsorption and other 
complications, strictly) correlated with productivity. 
It is further assumed that to the rate for one level 
should be added the rates for all higher levels de- 
pendent on it. The loss from apparent productivity 
on a given level by death and decomposition has not 
been estimated. 

To the productivities thus estimated correspond 
efficiencies of 11% for the second and 4.5% for the 
third trophic levels. These values are comparable 
with those obtained from lakes (Lindeman 1942, Allee 
et al. 1949, Odum 1953, 1959); but the efficiencies are 
lower than in some other studies. Lack of data for 
microscopic and substrate animals, and effects of 
adsorption, which influences more strongly the rate 
values for smaller organisms, may have reduced ef- 
ficiency values. Two community-fractions, the filter 
plankton and surface films, have not been included 
in the pyramids. In these the bacteria predominate ; 
but, though these are reducers on the second and 
third levels in terms of energy source or organic- 
matter transfer, in terms of P?* movement from water 
through organisms they are on the first level along 
with the algae. The estimated gross rate values for 
these, as indications of relative productivity compar- 
able with those for other trophic groupings are 
(0.0013 + 0.005) x 10° or 63, or a value larger than 
this if surfaces of lower levels of the substrate are 
considered. Some part of this may reflect produe- 
tivity of small photosynthetic cells; but assignment of 
the remainder to the second and third levels would 
change the relations of these, and inerease their 
efficiencies. It seems likely that the gross uptake rate 
of P#? into bacteria in this water body exceeds that 
into all animals, and that productivity of the bae- 
teria may correspondingly exceed that of the animals. 

Results of significance which the experiment sug- 
gests are: 

1) Major features of the pattern of P32 movement 
in the indoor experiments—rapid initial uptake by the 
plankton, reaching an equilibrium with water within 
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the first day, somewhat slower uptake by attached 
algae until these contain the largest fraction of the 
P32 after 2-5 days, still slower uptake by larger 
animals to reach maximum levels only after several 
days, and gradual accumulation of a large part of the 
P#2 in sediment, substrate, and surface films—appear 
also in the outdoor pond. 

2) As in the indoor aquaria with low levels of phos- 
phate in the water, biological processes effectively 
remove P%? from the water—only 13 of the P# 
introduced remained in the water and plankton 24 
hours later, only about “%o after 8 days, and less 
than Yoo after 44 days. A striking feature is the 
manner in which this P®? moves underground—from 
the lighted water and organisms to the unlighted sur- 
faces, particles, and organisms of the substrate. 

3) Uptake by animals showed an approximately 
straight-line increase in P®? content until a maximum 
level was reached, followed by a gradual decline from 
this maximum as P*? eontent of water and food 
organisms declined. Data for both animals. and 
plankton fractions showed correlations of turnover 
rate and pattern of P*? content in time with size. 

4) The curves of P*? uptake in this experiment sug- 
gest that adsorption affected uptake rates and pat- 
terns of movement less than in indoor aquaria, and 
much less than in such artificial media as de-ionized 
water. Binding of P*? to surfaces by surface films 
of organisms was an important aspect of P®? move- 
ment, as in the indoor aquaria. 

5) Gross uptake rates permit some estimation of 
relative productivities of different trophic levels. The 
pyramid of productivity constructed, and the indicated 
efficiencies, correspond in general to those for lakes. 
Reducer productivities cannot be effectively estimated 
or assigned to trophic levels; but P®* uptake rates 
for filter plankton and surface films emphasize the 
major significance of bacteria in community metabo- 
lism and suggest their productivity may exceed that of 
the animals. 

RaTe-PATTERNS 


The central concern of this work was the metaho- 
lism of a living community or ecosystem, the rates and 
routes of movement and loci of accumulation of the 
tracer substance. An ideal of such work may be to 
capture and express in a web of equations, and the 
rates embodied in these, the complex pattern of move- 
ments and relative concentrations in the ecosystem. 
The concentrations may result from relations between 
rates of intake and outgo; and these rates may be 
the primary concern. The P?? movements in the 
aquarium involve much more than a set of rates in 
effect at a given time; one must allow also for changes 
in these rates—the importance of very rapid adsorp- 
tive movement in the first hour, of other less rapid 
processes of absorption and ingestion during later 
hours, and of processes of growth and aquarium 
aging over a still longer period. Attempts to ex- 
press mathematically all these things at once lead to 
quite formidable systems of equations; and it has not 
heen felt that the data of these experiments justify 
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such treatment. Much of the work has limited its 
concern to the initial-period gross rates which, what- 
ever their limitations, are most directly subject to 
measurement. 

Gross uptake and turnover rates were compiled 
for 34 aquaria which had received P*? in the indoor 
experiments. <A first observation from this eompila- 
tion is the great range in magnitudes of the rates; 
the water-to-plankton rates, for example, are of three 
orders of magnitude, from 0.3 through 0.03. to 
0.003/hr, in aquaria without excessive phosphates. 
Any attempt to deseribe an “average aquarium” con- 
sequently seems pointless. The data have been sum- 
marized in the form of three rate-patterns, illustrated 
in Fig. 14, with rate represent 
aquaria with water-to-plankton rates of the three 
orders of magnitude. (The upper pattern is based 
on experiment 1, the middle pattern on the warm 
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Fic. 14. Rate-patterns for aquaria with different nu- 


trient levels and rates of movement of P?? into plankton: 
top—very low phosphate levels and high uptake rates; 
middle—intermediate levels and rates; bottom—relatively 
high phosphate levels and low uptake rates. Aquarium 
fractions are water (after centrifuging and filtering of 
plankton), plankton (centrifuge and filter seston), algae 
(attached algae, ete. on aquarium surfaces), sediment, 
and deficit (P32 movement, mostly surface fixation, un- 
accounted for in these). Numbers are gross uptake rates 
from water into other fractions, and turnover rates from 
other fractions to water. Both are expressed as decimal 
fractions of the P32 in an aquarium-fraction moving into 
another fraction per hour; all numbers apply to the P** 
pools in the aquarium-fractions at the tails of the arrows. 
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aquaria of experiment 5 and the 0.05 ppm aquaria 
of experiment 3, the lower pattern on the high-iron 
aquarium of experiment 2 and the 0.52 ppm aquaria 
of experiment 3.) It should be obvious that these 
patterns cannot show all significant routes of move- 
ment in the ecosystem. No effort has been made to 
include animals as community-fractions or to ex- 
press sediment accumulation or other features of 
aquarium aging. 
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herbivores into carnivores. Return rates are com- 
puted by subtracting from the turnover rate the 
rate of uptake by the next trophie level, without 
allowance for ingestion without assimilation. The 
rates between water and surfaces are based on surfaces 
of the sidewalls and the uppermost layer of rocks 
only; accumulation of P*" on surfaces below the up- 
permost rocks is included, along with accumulation in 
sediment, in “deficit.” The rates to and the 
deficit imply an equilibrium with twice as much P*" 
in the deficit as in the water; but there is actually a 
continuing decrease of P* in the water and increase 
of the deficit to the end of the experiment. All rate 
patterns should be understood to have temporary 
meaning; the rate-pattern for a given time cannot 
offer a basis for prediction of P*? distribution over an 
extended period. 

An approach to further analysis was applied to 
data of experiment 1. A small set of equations were 
set up to express major movements of P*? at a given 


from 



































Carnivores 
002M |.008 
Callibaetis Daphnia 
Ol ,036 
018 02 
Algae Plankton 
014 004 
014 055 
/ 
Water 
0c” 05-028 
Surfaces Deficit 




















Fig. 15. Rate-pattern for P?2 movement in an artificial 
outdoor pond, experiment 7. Community-fractions in- 
clude water, plankton (centrifuged and filtered seston, 
excluding microcrustacea), Daphnia (microcrustacea, pre- 
dominantly Daphnia pulex), algae (attached algae or 
periphyton), Callibaetis (herbivorous mayfly nymphs), 
sarnivores (Notonecta, Sympetrum, Lebistes, Dytiscus), 
surfaces (surface films on the uppermost layer of rocks), 
and deficit (P?? unaccounted for in these). Numbers are 
P82 transfer rates, decimal fractions of P#®" in a given 
aquarium-fraction moving from it into another aquarium- 
fraction per hour. 


Fig. 15 gives a rate-pattern for the outdoor pond. 
The microerustacea have been assumed to feed pre- 
dominantly, though not exclusively, on smaller “plank- 
ton,” the herbivorous insects, of which Callibaetis 
was the only important species, on the attached algae. 
The carnivores drew their food supply from both 
herbivorous groups. The return rates to water for 
these animals and some other community-fractions 
are much larger than their uptake rates; this is quite 
possible since the uptake rate applies to a much larger 
pool of P?. A result which seems surprising is the 
suggestion of larger rates from herbivorous animals 
back to water by exeretion, ete., than from these 


time: 
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(W is for water, A for attached algae, S for sediment, 
P for plankton, and D for deficit. W, A, S, P, and 
D are the average contents of P?? in we in eommunity- 
fractions during a given time internal; dW, dA, ete. 
dt dt 

are the over-all or net rates of change of these in 
ue/hr. The r’s are transfer rates in decimal fractions 
per hour; ry, is the rate from water to attached algae, 
Yaw the rate from attached algae to water, ete.) 

Whole-aquarium distributions of P®" were deter- 
mined, based on a community unaffected by sampling 
removal, with some smoothing of data by graphie in- 
terpolations. Rates of change for each of the 5 com- 
munity-fractions were determined for each of the 12 
time intervals from zero time to the 46-day sample. 
Substitution of these values for 3 time intervals into 
the equations makes possible a solution for 10 un- 
knowns, the transfer rates. The data were submitted 
to a digital electronic computer; and 10 sets of rate 
values, for time intervals from 0-7 hours to 18-46 days, 
resulted. The solutions permit estimation of two 
rates which cannot be directly measured—that from 
plankton to sediment, predominantly by settling, and 
that from attached algae to sediment, predominantly 
by feces of snails and guppies. 

Three rate-patterns based on these computations 
are given as Fig. 16. The upper pattern gives rates 
for the shortest time interval (0-7 hours), or this and 
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the second computation (1-15 hours). These rates 
represent the rapid movements during the first few 
hours, with significant effects of adsorption, and are 
to be compared with the gross rates of the upper 
pattern of Fig. 14. In general the rates are of com- 
parable magnitudes; modification of either set of rates 
for the sake of agreement with the other has been 
avoided. The middle pattern gives average rates for 
the intermediate period of the experiment (3-31, 7-63, 
and 15-127 hours). Since adsorbed P®? was in equilib- 
rium through this period, the rates may reflect 
largely the functional uptake by absorption and inges- 
tion and loss by exeretion, ete. The lower pattern 
gives average or selected rate values for the latter part 
of the experiment (5.3-25, 11-32, and 18-46 days). 
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Fic. 16. Rate-patterns for P®* movement in the 
aquaria of experiment 1 at different periods after tracer 
introduction: top—initial period (0-7 hours); middle— 
intermediate period (7-63 hours); bottom—later period 
(5-46 days). See also legend of Fig. 14. 


Since the content of P®? in organisms had reached 
maximum levels, some of these rates may reflect com- 
munity aging; it will be noted that the largest values 
lead to sediment and deficit. Use of the rate computa- 
tions for three different periods may thus give some 
picture of the manner in which P*®? movement is 
affected by rapid initial uptake and adsorption, by 
absorption and feeding, and by aquarium aging; but 
the different rates involved are so interrelated that 
they are not really separable by this means. 

As an approach toward estimation of statistical 
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significance of these rates, standard deviations and 
95% confidence limits were computed for rates based 
on the intervals from 1 to 127 hours. A wide range 
of reliability of estimates was indicated, from high 
(water to deficit 0.0178 + .0036/hr, for 95% confi- 
dence limits), to lower (water to plankton 0.0465 + 
.0154, water to attached algae 0.0304 + .0186) to very 
low or nil (algae to sediment 0.0349 + .0805, sediment 
to water 0.0492 + 1228). In general those rates 
which are of larger magnitudes and directly deter- 
minable without electronic computation give higher, 
those rates which are smaller and must be indirectly 
determined, lower, reliabilities. Indicated reliabilities 
decrease after the earlier part of the experiment are 
uniformly low for the later period. The 95% con- 
fidence limits given are an underestimate of reliability 
since the dispersions measured include variation with 
time as well as irregularity of the data. 


SUMMARY 


A. INTRODUCTION AND METHODS 

1. Study with tracers of the miniature ecosystems, 
or microcosms, of aquaria is likely to be an important 
area of research both because of the understanding of 
community function which can thus be obtained, and 
because of its bearing on problems of radioisotope 
contamination in natural communities. Seven experi- 
ments, essentially exploratory in character, with one 
isotope of especial importance—radiophosphorus 
(P??)—earried out in the Aquatic Biology Laboratory 
of the Hanford plant at Richland, Wash., are de- 
seribed. 

2. In most of the experiments 200-liter aquaria 
were filled with Columbia River water, or de-ionized 
water plus nutrients, provided with glass sidewall 
plates and aluminum bottom trays containing glass 
slides or mud, seeded with pond organisms, and per- 
mitted to develop without interference for 4 to 6 
weeks. At that time 100 we of P** as phosphate were 
introduced; and samples of water and plankton, side- 
wall algae and surface films from the plates, and bot- 
tom algae, mud, and sediment from the trays were 
removed at intervals, dried onto plates, and counted in 
a Geiger-Muller set to determine content of P*?. 

3. Analysis of the concentration and movement of 
P3" was dependent on a series of concepts of measure- 
ment, of which the most important were: (a) Specific 
activity (element), the radioactive content in curies 
of a gram of the element in question. (b) Activity 
density, the radioactive content in curies of a gram 
of an organism’s tissue, or other mixed substance. 
(c) Concentration ratio, the ratio of the concentration 
of an element or isotope in a gram of organisms or 
tissue, to that in the water from which the element or 
isotope was taken up. (d) Gross uptake rate, the 
fraction of the isotope in the water moving into a 
species population or fraction of the community per 
unit time. (e) Activity uptake rate, the amount of 
the radioisotope in curies taken up per gram of tissue 


or organisms per unit time. (f) Turnover rate, the 

















April, 1961 


fraction of the isotope in an organism or part of the 
community leaving it per unit time. 

4. Formidable difficulties of method are encountered 
in such research; some of the major problems dis- 
cussed are: (a) Sampling difficulties resulting from 
the small size and limited biomass of aquaria. (b) The 
highly mixed character of plankton, attached algae, 
and mud, which prevents effective distinction of rates 
and concentrations in different kinds of organisms and 
living and dead components, and gives most measure- 
ments a gross or synthetic character. (¢) Adsorption 
onto surfaces of organisms and particles, and the 
difficulty of distinguishing this from other uptake. 
(d) Binding of P*? to aquarium walls and other sur- 
faces by films of microorganisms. (e) Aquarium 
individuality, the marked differences between aquaria 
with similar conditions which result from minor, un- 
controlled factors and are a major limitation on 
reproducibility and statistical adequacy of the data. 
(f) Irregularity or dispersion of P*®? content of 
organisms or other samples from a given aquarium. 
(g) The inescapable complexity of aquarium pro- 
cesses, the changing character of these as the aquarium 
ages, and the interrelatedness of almost all that hap- 
pens in the aquarium. Aquarium communities are 
small but not simple; they are scarcely simpler to 
study and interpret than full-scale natural com- 
munities, 


B. Resuuts 


Results and implications are summarized at the 
ends of accounts of individual experiments; some 
more general results, with the numbers of experi- 
ments which bear on them, are as follows: 

1. The basic pattern of P?? movement (#1) includes 
removal of P®? from the water which is at first very 
rapid and continues with increasing slowness to the 
end of the experiment. No equilibrium of P*? distri- 
bution between water and organisms was reached in 
the time (6-8 weeks) allowed for these experiments. 
In the first few hours very rapid uptake by plankton 
is the principal movement. Slower movement into 
attached algae removes P*? from the water, resulting 
in declining P** content of plankton after the first 
1-2 days, and concentrating the largest fraction of P** 
in the attached algae in the middle part of the experi- 
ment (2 days to 2 weeks). Movement into animals 
and sediment is slower; but as the aquarium com- 
munity ages, biomass and P*? content of the plankton 
decrease, and P?? accumulates in the sediment. To- 
ward the end of the experiment, the largest fractions 
of P? are in the sediment and surface films, and in 
some experiments (#5) in the mud. 

2. Uptake of P#®? by plankton, or seston, is often 
very rapid. Foerst-centrifuged plankton usually 
reaches equilibrium with water within 12-24 hours, the 
smaller filter plankton organisms and particles within 
6-12 hours; and in many cases more than one-half the 
maximum amount is taken up within the first hour. 
Gross uptake rates (including adsorption) for cen- 
trifuge plankton in individual aquaria ranged from 
0.30/hr down to 0.003/hr and less. Movement of P32 
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from plankton back to water is also very rapid, with 
turnover rates generally between 0.10 and 0.34/hr. 
Such rates imply that after a few hours virtually all 
the P®? in the water in low-phosphate aquaria has been 
taken up by plankton and returned to water. 

3. Gross uptake rates into attached algae were 
generally between 0.05/hr and 0.01/hr. Maximum 
activity densities were reached in 2-5 days on side- 
walls, 4-18 days on bottoms; and turnover rates were 
generally of the order of 0.07/hr to 0.002/hr for 
hottom algae, 0.10/hr to 0.03/hr for sidewall algae. 

4. Movement of P%? into sediment ineluded (a) 
fairly rapid uptake during the first day, presumably 
including both adsorption and bacterial absorption, 
and (b) the very much slower increase of sediment 
biomass and P*® content consequent on aquarium 
aging. Gross uptake rates for sediment during the 
first period were generally between 0.005/hr and 
0.001/hr. Activity uptake rates were of the order of 
0.3 to 1.0 those from bottom algae, implying very 
high activity uptake rates for the bacterial cells of the 
sediment. Suggested turnover rates for sediment were 
from 0.05/hr to 0.004/hr. These values imply active 
turnover of P#®? in organic sediment and return to 
water of P®? from settling seston and feces. 

5. Uptake of P®* by microcrustacea was rapid 
(#6, #7), but uptake rates for other animals were 
low, compared with algae (#7). Increase of activity 
density of animals was in many cases approximately 
linear, until maximum levels were approached; but 
the basis of this apparently linear increase may be 
complex (#7). In general, the larger the animal the 
smaller the activity uptake and turnover rates; this 
applies both to different species and to different ages 
of a given species (#7). In consequence of this in- 
verse relation of size and P** turnover (which applies 
also to size classes of plankton and to plankton com- 
pared with attached algae), a series of correlations be- 
tween size and pattern of P*? content in relation to 
time appear. In general, the larger the organism, the 
slower the uptake per unit mass, the slower the ap- 
proach to maximum or equilibrium P*#? content, the 
lower the maximum activity density reached, and the 
slower the decline from this maximum level later in 
the experiment (#7). Much of the P®? ingested by 
animals is not assimilated (#1, #6) ; P®* transfer from 
algae or other food into water or sediment as feces 
is an important route of P?? movement. 

6. The complexities of phosphate movement be- 
tween water and mud have not been dealt with in 
these experiments. The limited results (#5) suggest 
relatively rapid movement of P®* into and onto mud 
surface organisms and particles, effective movement 
of P®* through the surface into lower layers of mud, 
and some continuing turnover between the mud sur- 
face, lower levels, and water. The amount of P%? 
moving into the mud was relatively small in an ex- 
periment with silty mud from an oligotrophic lake, 
but large in an experiment with mud of considerable 
organie content from a eutrophic pond (#1, #5). 
No equilibrium between water and mud was reached 
in these experiments; in them and in the outdoor 
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pond (#7) there was progressive movement of P#* 
underground—downward from the lighted water and 
surfaces into the depths of the substrate. 

7. Adsorption is of pervasive and_ perplexing 
significance in these experiments. Uptake rates, and 
consequently turnover rates determined from them, are 
necessarily influenced and their biological meaning 
qualified by adsorption. Experiments with Daphnia 
(#6) suggest extremely rapid uptake and turnover 
on surfaces, with equilibria reached within one hour, 
followed by slower uptake, at an essentially linear 
rate, by ingestion, until the adsorbed P*? is a small 
fraction of the total. Effect of adsorption on rate 
determinations is in inverse relation to size of organ- 
isms. In microscopic plants and bacteria, adsorption 
is one among the complex of interrelated processes 
in movement of P** from water onto and through sur- 
faces and back into water, and may searcely be 
separable from these other processes. 

8. A large part of the P® introduced into an 
aquarium may be bound to surfaces by films of micro- 
organisms (#1, #4). Gross uptake rates for surface 
films were significant fractions (about 4% to %) of the 
rates into attached algae on the same surfaces. Later 
in the experiments P*? content of the films ranged 
from 4 to % to more than as much as that in the 
attached organisms on the same surfaces. P#? con- 
tent of the films approached equilibrium with that of 
the water within 24 hours; and fairly rapid turn- 
over, with rates of the order of 0.024/hr to 0.008/hr, 
is implied by this fact. 

9. Two experiments (#1, #2) compared low- 
nutrient or oligotrophic and intermediate-nutrient or 
eutrophie aquaria. Movement of P®” out of solution 
in the water was rapid in either case; but P*? con- 
tent of the water fell to 50% of the initial level in 
about 6 hours in the low-nutrient, about 72 hours in 
the higher-nutrient aquaria. Gross uptake and 
activity uptake rates were higher in the low-nutrient 
aquaria. One aquarium in experiment 2 differed 
from the others only in having twice the amount of 
iron fertilizer added. The fact that this difference 
led to striking contrasts in aquarium development 
and P#* movement and concentration emphasizes the 
importance uf factors other than phosphate level on 
P% transfer. 

10. One experiment (#3) studied the effect of a 
log series of phosphate levels (0.05, 0.52, 5.25, 52.5, 
and 525 ppm) on P** movement and concentration. 
Removal of P*? from water into organisms was 
effective at the lower levels (0.05 and 0.52 ppm) 
and ineffective at the higher ones. Concentration 
ratios in excess of one million times into algae oc- 
curred in the low-phosphate aquaria; concentration 
ratios of a few hundred or thousand times in the 
high-phosphate aquaria. Because the proportion of 
phosphorus among other elements in organisms varies 
at different phosphate levels and because of other 
biological complications, the effect of phosphate levels 
on rate and concentration values is not simple or 
linear. 


11. Experiment 5 concerned P?? movement in 
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aquaria of different temperatures (10° and 25°C). 
Somewhat more rapid community development oe- 
curred at the higher temperatures. Activity uptake 
and turnover rates suggest that the 15° temperature 
difference did not result in the 3- to 4-fold contrast 
implied by the van’t Hoff relation, but in a fractional 
increase of rate values in the warm, as compared with 
the cool, aquaria. 

12. When samples (sidewall plates, bottom slides, 
sediment) were transferred from aquaria which had 
received P%? into aquaria which had not, the P3? 
rapidly moved from these samples into water and 
thence into all community-fractions of the latter 
aquaria (#2). The back-and-forth movement of P3? 
between water and other community-fractions re- 
sponsible for this spread of P** through the whole 
ecosystem is represented, and results of the experi- 
ments summarized, in the form of rate-patterns in 
three figures (Figs. 14-16) at the end of the paper. 
Despite the limitations of the rate values, such rate- 
patterns may give some insight into the complex and 
multi-directional flow of P*" in aquarium ecosystems. 
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INTRODUCTION 


Natural selection operates through differential sur- 
vival within a species and through net survival be- 
tween species. Previous work, particularly on the 
plethodontid salamander genus Desmognathus, has in- 
dicated some of the directions of evolution within this 
group of amphibians (Dunn 1926, Noble 1927, and 
others). For the most part, these studies have demon- 
strated evolutionary trends by following morphologi- 
cal characters and the modifications thereof, through a 
series of closely related species. 

Populations, on the other hand, are characterized by 
certain parameters such as birth rates and age-specific 
mortality rates. There is reason to suspect that these 
parameters are no less susceptible to natural selection 
than are the anatomical and physiolegical character- 
isties of the organism. Yet evidence for the direction 
of evolution, in terms of changes in the population 
structure of several closely related species of a genus, 
has not been previously presented by vertebrate popu- 
lation ecologists. 

The objectives of the present study were threefold: 
1) to determine the loeal distribution, habitat selee- 
tion, and seasonal changes therein for every pletho- 
dontid species occurring within a given area; 2) to 
determine the population structures and their dynam- 
ies for several species of a single genus; and 3) to 
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study the effect of the ecology of the species on its 
population structure. 

Salamanders of the family Plethodontidae are high- 
ly suitable for studies of comparative ecology. The 
species are well known taxonomically and can be 
identified in the field. Several species of one genus 
can often be found in the same area and may be eol- 
lected in sufficient numbers for quantitative study 
(Hairston 1949). 

Previous experience in the southern Appalachian 
Mountains indicated that the Balsam Mountains of 
southwestern Virginia were suitable for studies of 
salamanders at the population level. The region is 
accessible and the salamander fauna is rich in species 
with high population densities. The following species 
occur in the Mount Rogers-Whitetop Mountain area 
of the Balsams: Pseudotriton ruber nitidus, Pseudo- 
triton porphyriticus ssp., Eurycea bislineata wilderae, 
Desmognathus quadramaculatus, Desmognathus monti- 
cola monticola, Desmognathus fuscus fuscus, Desmo- 
gnathus ochrophaeus carolinensis, Desmognathus 
wrighti, Leurognathus marmorata marmorata, Pletho- 
don yonahlossee, Plethodon glutinosus glutinosus, Ple- 
thodon jordani metcalfi, Plethodon welleri ventroma- 
culatus, Plethodon cinereus cinereus, Plethodon rich- 
mondi ssp. (Hereafter, in this report, nominate sub- 
species will be designated by the binomial form of the 
name.) 
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In the course of the present study, 12,000 salaman- 
ders were collected, preserved, and subsequently dis- 
sected. The local distribution and ecology of all 
plethodontid species in the area were studied but the 
resulting mass of information was too extensive to in- 
clude in one paper; the present report is restricted to 
the five species of Desmognathus. Approximately 
7000 specimens of Desmognathus were taken during 
the summer of 1957 and the summer, fall, and spring 
of 1958-59. None of the five species of the genus, oc- 
curring in the study area, is represented by less than 
1000 individuals in the collection. 

Travel expenses in the field during the summer of 
1958 were defrayed in part by a grant from the 
Horace H. Rackham: School of Graduate Studies 
of The University of Michigan. Funds from an 
anonymous donor supported the field studies during 
the month of October, 1958. N. E. Hartweg and 
C. F. Walker, Museum of Zoology, The University of 
Michigan, were especially kind in making available the 
herpetological collections in their charge and in 
furnishing the equipment and supplies necessary for 
the preservation of salamanders in the field. C. W. 
Hibbard, L. C. Stuart, and C. F. Walker spent con- 
siderable time in reading the manuscript and in offer- 
ing criticism and advice. F. E. Smith gave invaluable 
assistance by suggesting some of the methods used in 
the sections dealing with the survivorship of females. 
My wife, Della S. Organ, was unstinting in her as- 
sistance with the field studies, collecting specimens, 
and aiding in the observations of salamander behavior. 
Finally, I am especially indebted to N. G. Hairston 
for advice, criticism, and, above all, encouragement 
during the course of this study. 


LITERATURE REVIEW 


Little has been done on the genus Desmognathus in 
the southern Appalachian Mountains since Hairston 
(1949) reviewed the literature on the plethodontid 
salamanders of this region. Among the few field 
studies attempted in the Balsam Mountains of Vir- 
ginia are those of Bogert (1952) recording the tem- 
peratures of several plethodontids, Pope & Pope 
(1949) of the life history of Plethodon glutinosus, and 
Pope (1950) of the ecology of Plethodon yonahlossee. 
Detailed life history studies, comparable to those of 
Wilder (1913, 1917, 1923) in New England and of 
Bishop (1941) in New York, have not been carried 
out, and much of the information available on the 
natural history of Desmognathus in the southern Ap- 
palachian Mountains is derived from the single study 
of Pope (1924), who described the nesting habits of 
several species of the genus. When the present study 
was undertaken, the reproductive seasons of Des- 
mognathus were little known and the courtship sea- 
sons in this region had not been determined; although 
several species of Desmognathus were included in the 
study of plethodontid courtship by Noble & Brady 
(1930), the courtship behavior has not been described 
in detail for any species of the genus. 

With the exception of stulies by Schmidt (1936) 
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and Hairston (1949, 1951), nearly all of the previous 
work on the vertical distribution of plethodontid 
salamanders has been based on data assembled from 
widely separated areas (Bailey 1937, King 1939) or 
from scattered collecting within a given area (Pope 
1950). The disadvantages of these methods of study 
have already been pointed out (Hairston 1949, Pope 
1950). Dunn (1926, 1928) and Noble (1927) were 
in disagreement as to the types of streams occupied 
by Desmognathus quadramaculatus and Desmognathus 
monticola. Hairston (1949) was able to demonstrate, 
by means of horizontal transects, that D. quadrama- 
culatus is a stream form and D. monticola is a stream- 
bank form with some overlap in habitat between the 
two species. His work, however, was restricted to 
large mountain streams and stream coves and the 
habitats occupied by these two species in other 
aquatic sites remained in doubt. 

When Deevey (1947) stressed the importance of 
life table information for natural populations, noth- 
ing was known about the population structure of 
any amphibian. Indeed, our knowledge of vertebrate 
population ecology is still based almost exclusively on 
studies of fish, birds, and mammals (Turner 1960). 
Only five years ago Cagle (1956) pointed out that life 
tables have yet to be constructed for amphibians. 
Recently, however, attempts have been made to de- 
termine population structure and dynamies in amphib- 
Much of the work has been restricted to 
anurans (Turner 1960, and others), using mark- 
recovery techniques to determine growth rates, 
longevity, and age-specific mortality rates. Bannikov 
(1950) attempted to determine the population struc- 
ture of Bombina bombina in Russia by analysis of 
size-frequency data based on large samples taken 
during short time intervals. As is usually the case in 
this approach to the problem, he was unable to de- 
termine the number of year-classes contained in the 
size-frequency group representing adults that were 
three years of age or older. Working with the 
hynobiid salamander Ranodon sibiricus, Bannikov 
(1949) was able to distinguish five year-classes and 
to caleulate age-specific mortality rates by analysis of 
size-frequency data based on total length measure- 
ments. In plethodontid salamanders, however, caudal 
autotomy is highly developed and total length measure- 
ments cannot be used successfully. The majority of 
the specimens collected during the present study had 
tails in various stages of regeneration. Stebbins 
(1954) used mark-recovery techniques in his study 
of the plethodontid genus Ensatina and was able to 
estimate longevity in the field and to demonstrate some 
aspects of the population dynamics of this group. 

Humphrey (1922) demonstrated that males of 
Desmognathus fuscus periodically add a lobe to each 
testis after a given number of “breeding seasons.” In 
spite of the obvious value of this character in ass-gn- 
ing relative ages to individual mature males in popu- 
lation analyses, it has not been used previously in 
studies of Desmognathus. 
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DESCRIPTION OF THE STUDY AREA 


The study area in the Balsam Mountains of south- 
western Virginia lies within the quadrangle of 36° 
35’ and 36° 45’ north latitude and 81° 30’ and 81° 40’ 
west longitude. This area includes the highest moun- 
tains in Virginia, Mount Rogers (5720 ft) being the 
highest and Whitetop (5520 ft) the second highest in 
the state. 

The place names used in this paper are taken from 
the United States Geological Survey Map of the 
“Mount Rogers Quadrangle,” 1939 edition, reprinted 
in 1946. This map is on a 40-ft contour interval and 
a seale of 1/62500. 

The Balsam Mountains run in an east-north-east to 
west-south-west direction and are parallel to the 
Iron Mountains which are to the north of them. The 
summit of Whitetop forms the boundary between 
Washington, Smyth, and Grayson counties and the 
summit of Mount Rogers forms the boundary be- 
tween Smyth and Grayson counties. 

The entire mountain range is within the Gulf of 
Mexico drainage system. Both the north and south 
facing sides of Mount Rogers are drained by the New 
River system as is the south facing side of Whitetop. 
The north facing side of Whitetop is drained by the 
Holston River system. 

Mount Rogers and Whitetop have spruce-fir forests 
at their summits from an altitude of approximately 
5000 ft upward. An extensive grassy bald is present 
on the southeast face of Whitetop which extends into 
the spruce-fir forest to an altitude of 5350 ft, and 
there is a similar bald on the southeast face of Mount 
Rogers. The spruce-fir and the deciduous forests 
in this region have been cut extensively and there are 
no virgin forests within the study area. 

The summit of Whitetop ean be reached by a toll 
road on its southeast face. This dirt toll road 
branches westward from another dirt road, Virginia 
Route 600. 

The summit of Mount Rogers can be reached by a 
trail which begins at a logging road at an altitude of 
4800 ft on the south face of the mountain. This 
logging road branches eastward from Virginia Route 
600 just south of the Smyth-Grayson county line. 

The accessibility of the Balsam Mountains and 
particularly of Whitetop Mountain has long made this 
area a favored collecting locality for eastern her- 
petologists. This, coupled with the facts that some 
of the species in the area occur nowhere else in the 
state and that Mount Rogers and Whitetop are the 
type localities for three plethodontid subspecies, has 
resulted in a great deal of collecting for the purpose 
of having the area represented in study collections. 


HABITAT CLASSIFICATION 


In transecting stream coves in the Black Mountains 
of North Carolina, Hairston (1949) restricted himself 
to large mountain streams and substituted distances 
recorded in feet from open water for such subjective 
terms as “vicinity of streams,” 
trickles,” ete. 


“near brooks,” “in 


In addition, he made a distinction 
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between specimens taken in the water and those taken 
in the non-inundated portions of the stream bed. His 
criteria hold well for large streams and have been 
used in the present study. Unfortunately, they can- 
not be used for small tributaries of the large moun- 
tain streams nor for isolated seepage areas where 
there is no elear distinction between the inundated 
and non-inundated portions of the sites. 

In the course of this study six habitats utilized by 
the genus Desmognathus were recognized. They 
were: 1) large streams; 2) banks of large streams; 
3) small streams; 4) seepage areas; 5) underground 
seepage areas; and 6) forest. 

The large streams in the Balsam Mountains cor- 
respond to the streams in the coves cf the Black 
Mountains transected by Hairston (1949). These 
constitute the main streams of the coves in this area 
and usually extend down the mountain side for more 
than 1000 vertical feet, and eventually empty into 
the streams in the valleys between the mountain 
ranges. They have a swift current and a steep gra- 
dient with numerous waterfalls. The stream beds and 
banks are composed of coarse gravel and large rocks. 
The banks are usually devoid of living vegetation but 
are often covered with scattered forest debris. All 
specimens taken in the water were recorded as 
“stream” and all specimens taken under surface cover 
in the non-inundated portions of the stream bed were 
recorded as “stream bank.” 

In the small streams or tributaries, the banks are 
saturated with water and even larvae may be found 
in the mud under surface cover. Thus, there is no 
way to distinguish between the inundated and non- 
inundated areas of the stream bed. These small 
streams differ from the large streams by having a 
slower current, a stream bed of gravel and mud, and 
banks of mud with scattered cover in the form of rocks 
and forest debris. The small streams rarely extend 
down the mountain side for more than three or four 
hundred vertical feet before emptying into a large 
mountain stream. All specimens taken between the 
banks of small streams under surface cover were 
recorded as “small stream.” 

The seepage areas or springs resemble the small 
streams in most physical characteristics but differ 
from the latter by disappearing into the ground before 
emptying into a stream. They, therefore, have no 
surface connection with the drainage system in the 
area. All specimens taken within the banks of such 
sites under surface cover were recorded as “seepage 
area.” 

The underground seepage areas are the most dif- 
ficult to categorize. They are actually vertical ex- 
tensions of both the stream and the stream bank. 
These areas occur in the banks of streams and seepage 
areas. They are composed of pockets of coarse gravel 
and mud with water constantly percolating between 
the interstices of the rocks. They were excavated to 
a depth of one foot but are much more extensive. The 
underground seepage areas are thoroughly saturated 
and are able to support salamander larvae. In ad- 
dition, they serve as nesting sites and as hibernation 
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sites for salamanders. All specimens taken in excava- 
tions below the level of surface cover were recorded as 
“underground seepage area.” 

The forests in this area have been cut so extensively 
that any distinction in forest type beyond “spruce- 
fir’ and “deciduous” is meaningless. None of the 
species of Desmognathus in this area has a distribu- 
tion restricted to a particular type of forest and all 
individuals not taken between the banks of streams 
or seepage areas were recorded as “forest.” 


COLLECTING METHODS 


Transects were used to study the local distribution 
of members of the genus Desmognathus in the Balsam 
Mountains. These transects were made along a con- 
tinuous slope, following either a large stream cove, 
a road, or a well marked trail. Collections were made 
at intervals of 100 vertical ft and an attempt was 
made to take every specimen seen at the stations along 
a transect. 

The collecting technique used in transect studies was 
restricted to turning over surface cover such as 
rocks, logs, bark, branches, and moss. Large rotting 
logs were split open with the aid of a small mattock 
but no excavations were attempted in the stream 
banks or the forest floor. An attempt was made to 
spend the same number of man hours at each of the 
stops along a transect and to cover the same surface 
area at each stop. 

In addition to transect collections, supplemental 
collections were made throughout the study area. The 
latter were of two types. The first involved collecting 
salamanders by exploring surface cover on the forest 
floor and in small streams and seepage areas. The 
second utilized excavation of underground seepage 
areas in the vicinity of streams and seepage areas or 
springs. As in transect collecting, an attempt was 
made to take every specimen seen and no particular 
species or size was selected. In this way, it was hoped 
that a large random sample could be collected for 
population studies. 

All elevations in the study area were determined by 
means of an aneroid altimeter which was set at a 
United States Geological Survey Bench Mark at the 
beginning of each day and checked against the same 
Bench Mark at the end of the day. Deviations noted 
during these check readings did not exceed 25 ft. 

VERTICAL TRANSECTS 

Six vertical transects were employed in the study 
of local distribution of salamanders. Three were 
along large stream coves, two were along a road, and 
one was along a seepage area. 

The Byars Creek transect followed a large stream 
cove up the south side of Whitetop Mountain. The 
transect started at an altitude of 3800 ft just north 
of the junction of Byars Creek and U. S. Route 58. 
The stream was followed to its headwaters in the 
spruce-fir forest at 5100 ft and from this point, the 
dry bed was followed to an altitude of 5400 ft. 

The Big Branch transect followed a large stream 
cove up the north side of Whitetop Mountain. It 
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started at an altitude of 3100 ft just east of Virginia 
Route 600 and followed the stream to its headwaters 
at 4350 ft just west of Virginia Route 600 and north 
of the Smyth-Grayson county line near Elk Garden. 

The Helton Creek transect followed a large stream 
cove up the south side of Mount Rogers. It started 
at 3750 ft just north of U. S. Route 58 and followed 
the stream to its headwaters at 4700 ft near the 
junction of a logging road and the trail to the sum- 
mit of Mount Rogers. From this point, the trail was 
followed up the south face of the mountain into the 
spruce-fir forest to an altitude of 5700 ft. 

In the Byars Creek and Big Branch Creek tran- 
sects, both the main stream and the small tributaries 
in the cove were studied but the collections from the 
tributaries were kept separate from those of the main 
stream. In the Helton Creek transect, only the main 
stream was studied. 

Two transects were made along Virginia Route 600. 
Route 600 is a dirt road running roughly in a north- 
south direction between Whitetop and Mount Rogers 
and erosses the Balsam Mountains at Elk Garden. 
For transect purposes, this road was divided into two 
parts: Route 600 North and Route 600 South. Route 
600 South is that portion of the road between its 
junction with U. 8. Route 58 and its junction with the 
toll road to Whitetop at 4575 ft. This part of the 
road is on the south facing side of the Balsam Moun- 
tains. Route 600 North is that portion of the road 
between its junction with the toll road to Whitetop 
at 4575 ft and a point at 3100 ft, east of the Kon- 
naroack Girls School and west of Big Branch Creek. 
This part of the road is on the north side of the 
Balsam Mountains. 

For the most part, Route 600 is bordered by dry 
deciduous forests, but all small streams and seepage 
areas in the vicinity of the road were investigated. 

The last transect was a short one made east of, and 
parallel to, the Washington-Grayson county line on 
the south side of Whitetop Mountain. This transect 
followed a seepage area from its headwaters at 5100 
ft on the grassy bald near the “lodge” to 4850 ft 
where the water disappeared into the ground. The 
dry bed was followed down the mountain to 4500 ft 
but the water did not appear on the surface again. 
This seep is part of the Byars Creek drainage but is 
connected with that stream at the surface only during 
exceptionally heavy rainy seasons. For this reason, it 
is considered to be a seepage area rather than a small 
stream. 

HorizonTaL TRANSECTS 

Horizontal transects were made at each of the 
vertical stops along the Byars Creek and Big Branch 
transects. All specimens taken in the water were 
recorded as stream specimens and all specimens taken 
in the non-inundated portions of the stream bed were 
recorded as stream bank specimens. 

The distance from open water for all specimens not 
taken within the banks of the stream was recorded 
in feet by means of a steel tape measure which was 
run into the woods to a distance of 250 ft from the 
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water. The line formed by the tape measure was 
perpendicular to the stream bed and placed in sueh 
a way as to avoid coming within 250 ft of seepage 
areas and small streams within the cove. The latter 
aquatic sites were investigated separately. 

SEASONAL REPETITION OF TRANSECTS 

In an effort to determine if there were any seasonal 
shifts in the vertical or horizontal distributions of the 
species of Desmognathus in this area, many of the 
transects were repeated at different seasons of the 
year. 

Vertical and horizontal transects of Byars Creek 
Cove were made three times: summer, 1957; fall, 
1958; and spring, 1959. Vertical and_ horizontal 
transects of Big Branch Creek Cove were completed 
twice and the cove was partially transected a third 
time. This cove was transected during the summers 
of 1957 and 1958, and again in the fall of 1958. The 
transect during the spring of 1959 could not be com- 
pleted because heavy rains raised the stream level to 
a point where the banks were completely inundated. 

Vertical transects along Virginia Route 600 North 
and Route 600 South were made three times: summer, 
1957; fall, 1958; and spring, 1959. Helton Creek 
was transected only once, during the summer of 1958. 
The transect of the seepage area on the south side of 
Whitetop was made only once, during the spring of 
1959. 


OBSERVATION OF LOCAL DISTRIBUTION 


VERTICAL DISTRIBUTION 

Repeating the vertical transects in this area at dif- 
ferent seasons of the year failed to disclose any 
significant shift in the vertical distributions of the 
five species of Desmognathus. The only vertical 
seasonal movement noted occurred when the aquatic 
and semiaquatie species apparently followed the head- 
vaters of the streams down the mountain after the 
stream levels dropped slightly during a dry period in 
the fall of 1958. This movement did not exceed 100 
vertical ft. 

The results of the transects (Fig. 1), therefore, are 
applicable to the summer, fall, and spring seasons in 
this area. The vertical distributions of D. quadra- 
maculatus, D. monticola, D. 0.. carolinensis, and D. 
wrighti are remarkably similar to those found by 
Hairston (1949) in the Black Mountains of North 
Carolina. D. fuseus was not found in his study area. 

D. o. carolinensis has the most extensive altitudinal 
distribution in the genus and is found from the sum- 
mits of the highest mountains in the area to the 
lowest elevations studied. D. fuscus is almost as ex- 
tensively distributed on this mountain range as D. o. 
carolinensis but is absent from the tops of the moun- 
tains where there is no surface water. D. quadra- 
maculatus also has an extensive altitudinal distribu- 
tion but is characteristic of the elevations below 5000 
ft. It enters the spruce-fir forest only in the Byars 
Creek Cove where it attains an altitude of 5100 ft. 
D. monticola is typieally restricted to elevations be- 
low 4300 ft but oecurs in one seepage area on the 


THE SALAMANDER GENUS 


193 


south side of Whitetop from 4850 ft to 5100 ft. 
D. wrighti is essentially a high altitude species which 
is characteristic of the spruce-fir forests but by no 
means restricted to that habitat. 


HorizZONTAL DISTRIBUTION 


In determining the horizontal distribution of the 
five species of Desmognathus along large mountain 
streams, only transformed individuals were included 
in the analysis. 

The horizontal transects made by Hairston (1949) 
in the Black Mountains were accomplished during the 
summer months and indicated that the four species of 
Desmognathus in that area form an aquatic to terres- 
trial ecological series. He found 78% of the D. 
quadramaculatus in the water, 54% of the D. monti- 
cola in the stream banks, 76% of the D. o. carolinensis 




























in the forest, and 100% of the D. wrighti in the 
forest. 
meyer N WRIGH 
Z MONTICOLA 
, B QUADRAMACULATUS 
‘= N 
= . 
ot iV 
HEN 
En EN 
4500 & = 
a = wnireror. wt 
=| = «souTH) 
‘=| 
a 
40 =| I 
bd 
| 








ROUTE 600 
(sOuTH) 


y 
y 
Y 
Y 
Z 
Y 

Y 
G 
y 
A 

7 | 
y 
Y 
Y 
Z 





000 BIG BRANCH CR Route 600 
COVE GHEE (NORTH) 

Fig. 1. The vertical distribution of five species of 
Desmognathus. The facing direction of the transected 


slope is given in parenthesis. 


The combined summer transects for the Byars Creek 
and Big Branch Coves (Fig. 2) indicate close agree- 
ment with the transects made by Hairston. During 
the summer, 64% of the D. quadramaculatus were in 
the streams, 88% of the D. monticola were in the 
stream banks, 83% of the D. o. carolinensis were in 
the forest, and 100% of the D. wrighti were in the 
forest. In addition, the transects reveal that D. 
fuscus is a stream bank form like D. monticola, with 
72% of the specimens coming from this habitat. 

D. quadramaculatus was not taken in the forest and 
all specimens came from either the stream or the 
stream bank. Both D. monticola and D. fuscus were 
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found in the forest beyond the stream banks but the 
maximum distance from open water for these two 
species did not exceed 20 ft. D. 0. carolinensis and 
D. wrighti were taken in the forest up to a distance 
of over 250 ft from open water. 

In the fall, the horizontal distribution of the five 
species showed the same aquatic to terrestrial trend 
seen in the summer (Fig. 2). The distribution of 
D. quadramaculatus was essentially unchanged as was 
that of D. monticola, but the latter was slightly less 
concentrated in the stream banks than it had been in 
the summer. D. fuscus was not found in the forest 
during the fall and was taken more often in the 
water than it had been in the summer. D. o. caro- 
linensis showed a decrease in the forest and an in- 
crease in the streams and stream banks. D. wrighti 
had the same horizontal distribution seen in the sum- 
mer. 
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Fig. 2. 
tion of five species of Desmognathus. 
are based on transformed individuals. 


In the spring, the horizontal distribution of most of 
the species was more similar to that of the fall than 
to that of the summer (Fig. 2). The distribution of 
D. quadramaculatus was still essentially unchanged. 
D. monticola and D. fuscus showed a greater concen- 
tration of individuals in the water than had been 
seen at the other seasons and in the ease of the latter 
more individuals were taken in the water than in 
the stream banks. D. o. carolinensis and D. wrighti 
both showed a decrease in the forest and an increase 
in the streams and stream banks. 

During the month of October, 1958, the presence of 
D. wrighti in underground seepage areas in the head- 
waters of Big Branch Creek was discovered (Table 
1). In less than one hour, 123 specimens of this 
species were collected while excavating a hole measur- 
ing roughly 3 ft on a side by 1 ft deep. The presence 
of such concentrations of D. wrighti in these under- 
ground aquatic habitats had been unsuspected pre- 
viously. In the spring of the following year excava- 
tions were made at several other localities (Table 1). 
The results were largely the same as they had been 
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TABLE 1. Census data from excavations of underground 
seepage areas based on transformed individuals. Ab- 
breviations used in this and the following tables are as 
follows: D.q.=D. quadramaculatus, D.m.=D. monticola, 
D.f.=D. fuseus, D.o.c.=D. 0. carolinensis, D.w.=D. 
wrighti, S=Stream, SB=Stream Bank, F= Forest, Sm= 
Summer, Sp=Spring, F]= Fall. 





| NumBer or Specimens COLLECTED 





Altitude ® ae eee secon tipsiatins 
in Feet Locality |Season| | } | 
D.q. | D.m. | D.f. |D.o.c. | D.w. 

5300. . North side Whitetop Sp 43 4 
4575.....| Route 600 (North) Rou} as] | 2 | 52 | 45 
4350.....| Big Branch Creek FI | | 9 | 39 | 123 
4350.....| Big Branch Creek Sp ee | 26 | 509 
4300 Route 600 (South) | Sp 4 34 
3800 bes ae | 


Byars Creek Tributary | Sp 1s | 14 
| | | 


in the fall. Both D. wrighti and D. o. carolinensis 
were found in high concentrations in these under- 
ground sites beneath the banks of streams and isolated 
springs. 

The horizontal transects indicated that D. 0. caro- 
linensis moved from the forest into streams and stream 
banks, presumably for winter hibernation but the 
transects did not indicate clearly that the same kind 
of movement was taking place in D. wrighti (Fig. 2). 
From the data gathered by excavating underground 
seepage areas (Table 1), it is clear that many, if 
not most, individuals of both D. o. carolinensis and 
D. wrighti abandon the forest habitat in the late fall 
and move into underground seepage areas for hiber- 
nation during the winter months. In early spring, 
these two species are still aggregated in these aquatic 
sites but in late spring and early summer they move 
into the forest again. Thus, D. wrighti is not so 
terrestrial in habitat as had been suggested previously 
(Hairston 1949). 


EFFECT OF HABITAT SELECTION ON 
LocaL DISTRIBUTION 


The vertical (Fig. 1) and the horizontal (Fig. 2) 
transects, within the study area, reveal considerable 
overlap in the local distribution of the five species of 
Desmognathus. 

The two more terrestrial species, D. 0. carolinensis 
and D. wrighti, have essentially the same habitat and 
follow the same seasonal changes in habitat. Both 
are found in the forest during the later spring, sum- 
mer, and early fall, but many, if not most, of the 
individuals of these two species move into aquatic 
seepage areas and aggregate presumably for winter 
hibernation. D. wrighti is restricted to the higher 
elevations in the area but extends down the moun- 
tains well into the deciduous forests. The vertical 
distribution of D. wrighti is completely overlapped 
by that of D. o. carolinensis. 

However, by means of studies of the nocturnal 
activity of these two species in the Black Mountains, 
Hairston (1949) was able to demonstrate that the 
peak of activity in D. wrighti occurs later in the night 
than that of D. 0. carolinensis. He also found that 
D. wrighti climbs trees at night and actually climbs 
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higher than D. o. carolinensis. Furthermore, the per- 
centage of the observed D. wrighti population that 

yas arboreal was higher than that of the D. o. 
cérolinensis population. The method utilized by 
Hairston to study salamander activity was used in the 
spruce-fir forest of Whitetop Mountain on several 
oceasions and the results fully confirm his findings 
for these two species. Whereas D. wrighti and D. o. 
carolinensis have similar vertical, horizontal, and 
seasonal distributions within the study area, their 
nocturnal cyeles and behavior result in minimal con- 
tact between them when they are active on or above 
the forest floor. 

The vertical transects indicated that the 
aquatic species, D. quadramaculatus, D. monticola, 
and D. fuscus, also overlap altitudinally (Fig. 1). 
The horizontal transects (Fig. 2), however, revealed a 
difference in habitat, with D. quadramaculatus oe- 
cupying the streams and D. monticola and D. fuscus 
occupying the stream banks. Segregating the collec- 
tions into those from large streams, small streams, 
and seepage areas revealed that the distributional 
patterns of these three species were more complex 
than had been indicated by the transect studies alone. 


more 


TABLE 2. Census data from the main stream of Byars 
Creek Cove, based on transformed individuals. Abrevia- 
tions as in Table 1. Note the complete altitudinal separa- 
tion of D. monticola and D. fuscus. 





Altitude | D.q. | D.m. - D.f. D.0.¢ | D.w 
inFet |S SB|S SB F |S SB F |S SB F|§£ SB F 
eeneny ae alee 12 12 | 6 28 27/ 1 2 10 
ee | ame 2 4 2 13 18 6 
4900... 19°41 3 1 7 16] 2 
ec ae oe a. 11 18 | 4 
4700........5] 16 11 | | 5 2 6 22 | 1 
SS ee | 1 10 32 | 2 
4500.........] 19 12 6 24 | 1 
_ a ee eee 8 16 3 
Mos. ae 18 : 3 
4200........./36 11 5 9 1 5 14 
ee ee) ee | 5 34 
4000. ...124 18] 6 34 8 4 24 
me ee a) Se Oe 4 29 
5 a 


3800 26 «(17 5 22 


Whereas D. monticola and D. fuscus overlap alti- 
tudinally within the Byars Creek Cove, they do not 
overlap along the main stream of the cove (Table 2). 
In the main stream of Big Branch Cove, D. monticola 
and D. fuscus occur together at 4100 ft and again at 
3100 ft but with the exception of the latter elevation, 
the two species are essentially separated altitudi- 
nally (Table 3). The Helton Creek Cove transect was 
restricted to the main stream and its banks; the two 
species, again, do not overlap altitudinally (Fig. 1). 
Thus, in large mountain streams, the two stream- 
bank species, D. monticola and D. fuscus, have mutual- 
ly exclusive distributions, with D. fuscus occupying 
the banks at the headwaters and D. monticola oc- 
cupying the banks at the lower elevations. 

The census data for small streams (Table 4) ex- 
plain the overlap between D. monticola and D. fuscus 
in stream coves and other areas. D. monticola has the 
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TABLE 3. Census data from the main stream of Big 
Branch Creek Cove, based on transformed individuals. 
Abbreviation as in Table 1. Note the almost complete 





altitudinal separation between D. monticola and D. 
fuscus. 
Altitude Da, D.m. _ Ds. _ D.o.c. D.w. _ 
inFeett | 8 5B; S SB F|S SB F|S SB F/§& SB F 
4350........ 15 10 4 16 15 | 15 
4200... 8 2 22 | 1 
4100... | 9 4 1 1 1 6] 
4000. so-8 10 | 4 
3900... 11 6| 6) 1 16 8 
3800 ee ye ee 6 11} 3 
yk OE ae Soe e-4 4 9| 
3600.........]10 10} 1 4 7 Os 2 
3500... | 12 10] 8 12 | 1 
3400. .. | 56 11 | 10 55 9 11 
Lee 19 4 5 1 10 
3200. 
3100 is 9 4 41] 


same altitudinal limit of 4300 ft as in the large 
streams. D. fuscus, however, is present in small 
streams at low elevations where it is absent from large 
streams. Although D. fuscus occupies small streams 
at lower elevations, it is not present in very great 
numbers (Table 4). D. quadramaculatus is also 
present in small streams and has the same altitudinal 
limits as in large streams (Tables 3, 4). Noble 
(1927) suggested that, though there was no difference 
in the type of streams occupied by the young of D. 
monticola and D. quadramaculatus, the adults oceu- 
pied different kinds of streams. This was not the 
case in the Balsam Mountains. The larvae, juveniles, 
and adults of both species oceurred in both large and 
small streams. 





TABLE 4. Census data from small streams based on 
transformed individuals. Abbreviations as in Table 1. 
| : S 
| NUMBER OF SPECIMENS COLLECTED 
Altitude ‘ Delisted aint 
in Feet Locality | 
D.q. D.m. | D.f. | D.o.c. D.w. 
4700-5000. . | Byars Creek tributary 80 | | 60 | 25 2 
4600-4760 Helton Creek tributary 52 21 4 | 
4575 ..| Route 600 (North) 9 ei s 
4400 Byars Creek tributary i 2 eames ea ea’ Se 
4200-4300. .| Byars Creek tributary | 20 4 19 | 13 
4100.......| Big Branch tributary | ait’ St Sha 
4000.......| Byars Creek tributary 27 24 2 
3900....... Byars Creek tributary | 1 ep) | 
3800-4000. .| Byars Creek tributary | 69 82 | 11 6 
3475... Big Branch tributary 69 | 160 | 7 60 
3400 South Side Mount Rogers | 20 33 | 20 | 6 


The census data for seepage areas (Table 5), how- 
ever, may throw some light on the dispute between 
Dunn: (1926, 1928) and Noble (1927). D. quadra- 
maculatus is absent from seepage areas, which by 
definition have no surface connection with the drain- 
age system in the area. Since D. quadramaculatus is 
restricted to aquatic sites that are continuous at the 
surface (large and small streams) and since it was not 
taken beyond the stream banks, it can be assumed that 
this species is incapable of crossing the forest floor for 
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TABLE 5. Census data from independent seepage areas 
based on transformed individuals. Abbreviations as in 
Table 1. 

















Number oF Specimens COLLECTED 
Altitude | ‘ 

in Feet Locality | | | | 

| D.q. | D.m. D.f. | D.o.c. | D.w. 

§300....... North side Whitetop g | oe ae 
5300....... South side Whitetop er | 

5200-5300. .| South side Whitetop | | | 101 | 53 | 1 
4850-5100. .| South side Whitetop | | 16); 18 9 | 
4900....... South side Whitetop | av 2 
4375.......| Route 600 (South) tee 
4100-4200. .| Route 600 (South) 92 | 109 | 71 | 
4100....... Route 600 (North) Be see 
3800 ..| South side Whitetop 18 32 | 15 | 
3750.......| South side Whitetop | 262 56 | 40 | 
3600. | 12 | 286 | 82 | 
| 


..| Route 600 (South) 





any great distance. Thus, the local distribution of D. 
quadramaculatus is the result of following streams 
and their tributaries to the headwaters in the area. 

Both D. monticola and D. fuscus were present in 
seepage areas and, whereas the maximum distance 
recorded for these two species from open water did 
not exceed 20 ft, they must be capable of crossing the 
forest floor to reach seepage areas. If D. monticola 
and D. fuscus had reached the seepage areas by fol- 
lowing the water table underground, then one would 
expect to find D. quadramaculatus present in these 
sites also. This is not the case. 

In all but one seepage area, D. monticola showed 
the same altitudinal limit of 4300 ft seen elsewhere. 

In seepage areas, D. fuscus was present in con- 
siderable numbers at all elevations. One might con- 
clude that this species is better adapted for these sites 
than for streams. D. fuscus, however, is present in 
considerable numbers in streams, both large and small, 
at high elevations. The type of site appears to be 
less important for the presence of D. fuscus than is 
the presence of the other aquatic species of Des- 
mognathus. 

At high elevations, in streams, D. quadramaculatus 
is the only other aquatic species of Desmognathus 
present and D. fuscus is able to maintain itself in 
these sites. At lower elevations, in seepage areas, D. 
monticola is the only other aquatic species of Des- 
mognathus present and, again, D. fuscus is able to 
maintain itself in these sites. At lower elevations in 
large and small streams, however, both D. quadrama- 
culatus and D. monticola are present and D. fuscus is 
apparently unable to compete successfully against 
both of these aquatic species at the same time. It is 
absent from large streams at lower elevations and 
forms an insignificant part of the salamander popula- 
tion in small streams at lower elevations. 

It has been demonstrated that, in large streams, 
D. quadramaculatus and D. monticola occupy dif- 
ferent but overlapping habitats, the former in the 
stream and the latter in the banks. When both of 
these large aquatic species are present in a particular 
site, they may actually oceupy all of the aquatic habi- 
tats available to the genus Desmognathus and D. 
fuscus may simply be unable to invade the site be- 
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cause there is no habitat open to it. When only one 
of these two large aquatic species is present, the 
aquatic habitats in a given site may not be fully oc- 
cupied by it and D. fuscus may be able to invade the 
site and occupy the available habitat. 

This is certainly the case in the headwaters of 
streams at higher elevations. D. monticola is alti- 
tudinally restricted in this area and usually is absent 
from the headwaters of streams above 4300 feet. 
Furthermore, D. quadramaculatus is essentially a 
stream species and this leaves the stream bank habitat 
at high elevations available for D. fuscus. If the 
habitats contained within the seepage areas could be 
categorized as clearly as the inundated and non- 
inundated portions of large stream beds, it is reasona- 
ble to suspect that a similar division of the habitats 
in these sites could be demonstrated for D. monticola 
and D. fuscus. 

Martof & Seott (1957), on the basis of a similarity 
in the stomach contents of D. quadramaculatus and 
D. fuscus, concluded that these two species were eco- 
logical equivalents, isolated by topography. The data 
on the stomach contents of D. fuscus, however, were 
based on a study by Barbour & Lancaster (1946) in 
Kentucky. This area is not within the geographical 
range of D. quadramaculatus and observations on the 
feeding habits of D. fuscus from one part of its 
range should not be expected to hold for other parts 
of its range where the ecological and competitive 
situations may be altogether different. 

The similarity of the stomach contents of D. fuscus 
to those of D. quadramaculatus in an area where the 
latter is absent, however, does indicate that D. fuscus, 
in the absence of D. quadramaculatus, will behave 
like an ecological equivalent. Since the two species 
occur sympatrically in the Balsam Mountains and in 
other mountainous regions, they cannot be considered 
to be true ecological equivalents. Moreover, since 
D. fuscus ean successfully exist sympatrically with 
either D. quadramaculatus or D. monticola, but ap- 
parently not with both in the same place, it must be 
highly flexible in its habitat and food requirements. 
This flexibility, however, is insufficient for successful 
competition against both of these large montane 
species. 

LIFE HISTORY 

The life histories of the members of the genus 
Desmognathus in the southern Appalachian Mountains 
have not been the subject of intensive study. This 
is due largely to the fact that most collectors are in 
the field only during the summer season and few of 
them spend sufficient time in any one particular area 
to make life history observations. 

Pope (1924) spent an entire summer in the field 
studying the nesting habits and eggs of several species 
of Desmognathus in North Carolina. Virtually all of 
the information on this phase of the life history of 
the southern species of Desmognathus is based on his 
work. He was the first to describe the eggs and 
hatehlings of D. quadramaculatus and greatly in- 
creased the available knowledge on the nesting habits 
of D. monticola and D. o. carolinensis. 
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Because there is so little information available on 
the life histories of the five species of Desmognathus 
in the Balsam Mountains and because a thorough 
understanding of the life history of a species is req- 
uisite to meaningful population studies of the species 
of the genus, considerable time and effort were spent 
in gathering information on this subject. 


SEx DIFFERENCES 


In mature females of Desmognathus, the walls of 
the cloaca are lined with folds, the snout is rounded, 
and the margin of the lower jaw is also smoothly 
rounded. The dentition is not specialized (Dunn, 
1926). 

In mature males of Desmognathus (Dunn 1926, 
Noble 1927, King 1936), the head is proportionally 
larger than in the female, the cloaca is lined with 
papillae, and the snout is truncate. The margin of 
the lower jaw is obliquely truncate and produced for- 
ward into a blunt lobe or mental gland. The pre- 
maxillary teeth are enlarged and directed forward at 
an angle. The anterior teeth on the dentary are en- 
larged and there is a progressive specialization in the 
maxillary teeth in the male from D. quadramaculatus 
through D. monticola, D. fuscus, and D. o. carolinensis 
to D. wrighti. The prevomerine teeth in the males are 
retained in D. quadramaculatus, lost occasionally in 
old males of D. monticola, and typically lost at 
maturity in males of D. 0. carolinensis and D. fuscus. 
Males of D. wrighti, however, retain the prevomerine 
teeth. 

Males of this genus possess specialized glands in the 
chin, eye-lids, and upper surface of the legs and tail. 
These glands are also seattered over the dorsum of 
the body (Noble 1929). They have been identified by 
Noble as hedonic glands and he also demonstrated that 
they were absent in the females of the genus Desmo- 
gnathus. 

In each of the species, the male exceeds the female 
in size (Dunn 1926, King 1936). Sexual dimorphism 
in snout to vent length in the five species of the 
present study is obvious (Figs. 4,5). The difference 
in the maximum body length is not as striking in 
D. quadramaculatus and D. monticola as it is in D. 
fuscus, D. 0. carolinensis, and D. wrighti. In general, 
the most extreme differences in size between the sexes 
were seen in collections from the summer months 
(Figs. 4,5). As will be demonstrated later, the sum- 
mer season is the time during which mature breeding 
females are brooding eggs in the nests. Since very 
few females were taken with their eggs at this season, 
the collections from the summer months are considered 
to be deficient in mature females. 

Noble (1927) believed that most of the differences 
between the dentition of males and females in the 
family Plethodontidae were nonselective in nature be- 
cause he could find no function for them in the court- 
ship patterns of the various species. Noble (1929), 
however, suggested that the enlarged premaxillary 
teeth in males of Eurycea bislineata bislineata might 
funetion as tactile stimulators during courtship. In 
the following sections, it will become apparent that 
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QUADRAMACULATUS MONTICOLA fuscus CAROLINENSIS 
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Fic. 3. 
individuals of four species of Desmognathus. 
of D. quadramaculatus are plotted at intervals of two 
millimeters but the larvae of the other three species are 


Monthly size-frequenecy histograms of larval 
The larvae 


plotted at intervals of one millimeter. The snout to vent 
length is the measurement taken from the tip of the 
snout to the posterior angle of the vent. 


most of the secondary sexual characters in males of 
Desmognathus have a function either directly or indi- 
rectly related to courtship behavior and must, there- 
fore, be subjeet to natural selection. 

CourTSHIP BEHAVIOR 

Recently captured specimens of all five species of 
Desmognathus were maintained in 8-inch finger bowls 
throughout the months of July and August in 1957 
and 1958, September and October in 1958, and April, 
May, and June in 1959. The salamanders were kept 
on a substrate of moist paper toweling and were 
replaced with fresh specimens from the field at in- 
tervals of two weeks. Most of the observed courtship 
was by specimens that had been in captivity only a 
day or two. 

From one to four pairs of adults were maintained 
in the glass finger bowls and the species were kept 
separate. The primary purpose of the study was to 
witness as many spontaneous courtships as possible. 
In this way it was hoped that some distinction could 
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Fig. 4. Monthly size-frequency histograms of transformed individuals 


of three species of Desmognathus. 


males and black squares below each line are females. 


Black squares above each line are 


White squares 


above each line are the total unsexed individuals and these have been 


repeated below each line. 


The vertical guide lines between each histo- 


gram are extensions of the sizes indicated at the bottom of the figure. 
The measurements from the tip of the snout to the posterior angle 
of the vent are plotted at intervals of two millimeters. 


be made between the essential phases or steps in the 
courtship pattern and the individual variation in the 
pattern. The species were not mixed because it was 
feared that this would complicate the patterns and 
possibly inhibit courtship in individuals that might 
otherwise court. 

The courtship of D. quadramaculatus was not 
actually observed but that of the other four species 
was seen on many occasions during the fall and spring 
months. Since the basic pattern of courtship was 
similar for these four species, it is reasonable to as- 
sume that the courtship of D. quadramaculatus fol- 
lows the same pattern. 


In general, the male of Desmognathus becomes high- 
ly active during the courtship season and searches 
around the container until he encounters a female. 
Oceasionally the male locates a female visually but 
more often he searches around the container apparent- 
ly aided by his nasolabial grooves. The tips of the 
nasolabial projections are touched to the substrate 
repeatedly until the snout of the male touches the 
body of another salamander. 

When he finds a female, he places his snout on her 
back and raises and lowers his forelimbs simultane- 
ously. The speed of the forelimb movements varies 
with the species. Holding his snout in contact with the 
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SNOUT-VENT LENGTH IN MM 
Fig. 5. Monthly size-frequency histograms of 


transformed individuals of two species of Des- 
mognathus. Black squares above each line are 
males and black squares below each line are 
females. White squares above each line are the 
total unsexed individuals and these have been re- 
peated below each line. The vertical guide lines 
between each histogram are extensions of the sizes 
indicated at the bottom of the figure. The measure- 
ments from the tip of the snout to the posterior 
angle of the vent are plotted at intervals of one 
millimeter. 


back of the female, the male arches his body upward, 
raising his belly and forelimbs clear of the ground. 
The hind limbs and the tail of the male are kept 
pressed to the substrate, possibly for leverage, and 
the snout is pressed downward with considerable force 
against the back of the female. This arched position 
is held for a short period of time and then the male 
violently snaps his body straight. The straightening 
of the body of the male is sometimes preceded by a 
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quick lateral flexing of the body but at other times 
the flexing occurs immediately after the body is 
snapped straight. The suddenness and force with 
which the male straightens his body is such that the 
male is usually flung a few inches away from the 
female. He then approaches the female and places 
his snout on her back again. The arching and violent 
straightening of the body of the male is repeated 
several times while he slowly moves along her body 
toward her head. 

When the male reaches the head of the female, he 


forces his own head under her chin and moves 
forward, holding his back against her chin. His tail 


begins to undulate as it beneath her chin. 
The female places her forelimbs astride the undulat- 
ing tail of the male and the courting pair move 
slowly forward in a tail-straddling walk. 

There is relatively little forward progression dur- 
ing the tail-straddling phase of courtship. With his 
undulating tail in contact with the belly of the female, 
the male begins to secrete a colorless fluid, presumably 
from the hedonie glands concentrated in the dorsum 
of his tail. The longer the tail-straddling phase of 
courtship, the more obvious is the colorless fluid be- 
tween the dorsum of his tail and the belly of the 
female. 

Often, in this genus, there is a considerable dif- 
ference in size between a courting male and a female. 
When a large male and small female are courting, the 
forelimbs of the female may not touch the ground 
when she is astride his undulating tail. Nevertheless, 
she maintains her position with her limbs astride his 
tail and her chin pressed against the base of his tail. 

Immediately prior to spermatophore deposition, the 
male begins a series of lateral pelvic rocking move- 
ments and the female moves her head in synehroniza- 
tion with, but counter to, his movements. When the 
male deposits a spermatophore, he lowers his swollen 
vent to the substrate and has rhythmie muscular 
contractions in the cloacal region. He then raises his 
vent quickly, leaving a spermatophore adhering to 
the substrate, and arches the base of his tail upward. 
At the same time, his tail is bent sharply to one side 
and withdrawn from beneath the belly of the female. 
The tail, now bent at right angles to the body axis of 
the male, is violently undulated, particularly at the 
distal third, in a manner very similar to the wiggling 
movements of an autotomized salamander tail. 

The female holds her chin against the base of the 
bent tail of the male and the courting pair move 
forward quickly. The belly of the female passes 
over the spermatophore in contact with the sperm 
cap. When her vent comes in contact with the sper- 
matophore, she picks up the cap with her cloacal lips, 
leaving the entire stalk adhering to the substrate. The 
female may remain with her chin on the bent tail of 
the male for a few moments but the pair usually 
separate immediately after the female picks up the 
sperm cap from the spermatophore. 

The sperm cap is usually held between the cloacal 
lips near the anterior angle of the vent of the female. 
The eap is slowly withdrawn into her cloaca and after 


passes 
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a period of two to three hours is no longer visible ex- 
ternally. 

The basic pattern of courtship for the genus Des- 
mognathus, described above, is based on the courtship 
of D. monticola, D. fuscus, D. o. carolinensis, and D. 
wrighti. There were no differences noted between the 
fall and spring courtship patterns of any of the 
species. Minor behavioral differences in the pattern 
of each species were observed but, in the absence of 
interspecies tests, the significance of these differences 
as isolating mechanisms between species cannot be 
evaluated. 

The limb movements of the male of D. monticola 
prior to, and during, the body arching stage of court- 
ship are very rapid and the male appears to be 
slapping the substrate with his front feet. The same 
kind of forelimb movement was seen in males of 
D. fuscus, D. 0. carolinensis, and D. wrighti but the 
movements were executed very slowly and the front 
feet did not always strike the ground before being 
raised again. The males of D. monticola did not arch 
the body as high as those of the other three species but 
the males of all four species exerted considerable 
downward pressure with the chin on the back of the 
females while arching. In all four species, the males 
used the same violent manner of straightening the 
body from the arched position and of flinging them- 
selves away from the female in the early stages of 
courtship. 

SEx RECOGNITION AND AGGRESSIVE BEHAVIOR 

Courting males in the genus Desmognathus cannot 
distinguish between the sexes and attempt courtship 
with females and other males. The approach and 
preliminaty stages of courtship are the same regard- 
less of whether a female or another male is being 
approached. 

Females react to a courting male either by fleeing 
from him or by remaining passive. Males react to a 
courting male by fleeing, remaining passive, or at- 
tacking the courting male. An attack is the most 
frequent response. 

When a courting male encounters a passive male, 
courtship will often progress as far as body arching 
on the part of the courting male. Usually the passive 
male becomes aroused and begins to undulate his tail 
laterally. When this occurs, the courting male stops 
courtship and attacks the passive male, biting him on 
the legs and tail while pursuing him around the con- 
tainer. 

In aggressive behavior between males, the larger 
male always dominates the smaller male when there is 
a size difference. When the two males are approxi- 
mately the same size, both will bite, but usually one 
male bites and the other flees. Direct physical con- 
tact is not necessary to evoke aggressive behavior. 
On numerous occasions, a large male rushed across 
the container and immediately attacked a smaller male 
while the latter was attempting courtship with a 
female. After driving off the smaller male, the large 
male usually began to court the female. This ag- 
gressive behavior was characteristic of all four species 
of Desmognathus observed in courtship. 
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Aggressive behavior between males prior to, and 
during, the courtship season has been reported in 
other plethodontid salamanders. It has been seen in 
the Plethodon jordani group (Organ 1958, Hutchison 
1959) and in Plethodon glutinosus (Organ, 1960). 
Males of Eurycea b. bislineata, however, do not en- 
gage in aggressive behavior in association with court- 
ship (Noble, 1929). 

Organ (1960) has suggested that this aggressive 
behavior serves as a method of sex recognition. Fights 
invariably develop between two males but have not 
been seen between a male and a female. Whether the 
aggressive behavior of males is of territorial signifi- 
cance, however, cannot be determined on the basis of 
the present observations. The finger bowls were not 
large enough to permit the establishment of a terri- 
tory by any male. 

The aggressive behavior of males was somewhat 
variable according to the species involved. Males of 
D. monticola and D. fuscus usually attacked other 
males with quick bites while pursuing them around the 
container. In these two species, there was no attempt 
by the males to seize other males with the teeth and 
hang on. In D. o. carolinensis and D. wrighti, the 
males also used this method of quick bites while pur- 
suing other males but quite often one male seized the 
other by the leg, tail, or body and hung on to his 
victim tenaciously. If the two males were approxi- 
mately the same size, the male being grasped turned 
and seized the attacking male. The two males, thus 
locked together, violently twisted and turned around 
the container until they became disengaged. One of 
the males invariably fled immediately after the two 
disengaged. 


THE ROLE or SECONDARY SEXUAL 
CHARACTERS IN COURTSHIP 


The secretions of the mental gland in males of 
Desmognathus are considered to have a stimulating 
effect on the female during courtship (Noble 1929). 
In Plethodon jordani and Plethodon glutinosus, the 
disk-like mental gland of the male appears to exert 
a tactile stimulation upon the female during the early 
stages of courtship when the male snaps his head up- 
ward (Organ 1958, 1960). In Desmognathus, how- 
ever, the mental gland is not disk-like. It is a rounded 
protuberance at the tip of the lower jaw directly 
beneath the enlarged premaxillary teeth. The males 
of Desmognathus do not spend an appreciable amount 
of time rubbing the mental gland across the snout of 
the female as is often the case in the genus Plethodon 
(Organ 1958, 1960) and in the genus Eurycea (Noble 
1929). Instead, the male holds his mental gland in 
contact with the back of the female while foreing his 
snout with the enlarged premaxillary teeth down- 
ward against her. The premaxillary teeth must cer- 
tainly stimulate the female tactually when the male is 
arching and may even puncture the skin of the female. 
No evidence of laceration on the back of a female in 
courtship was seen but this does not preclude the pos- 
sibility of small puncture wounds. The peripheral 
circulation in plethodontid salamanders is close to 
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the surface of the skin and these blood vessels dilate 
during courtship (Organ 1960). It is conceivable, 
therefore, that the secretions of the mental gland of 
the male act on the female through the circulatory 
system and that the enlarged premaxillary teeth of 
the male aid the secretions in penetrating the skin of 
the female. This could be verified by careful phys- 
iological and biochemical studies on courting indi- 
viduals. 

The enlarged teeth on the dentary and premaxillary 
of the males are used in the combat reactions between 
males and the species with the most specialized teeth, 
D. o. carolinensis and D. wrighti, have more of a 
tendency to hang on to the opponent while fighting. 
Thus, the specialized teeth of the male may have a 
function either in courtship directly and/or in combat 
between males in connection with courtship behavior. 

No funetion for the progressive loss of the prevo- 
merine teeth in the males of this genus was found in 
observing either courtship or aggressive behavior. 

The tail-straddling phase of courtship is such a 
common feature in the courtship of the Plethodontidae 
that it must certainly have some essential function. 
As was indicated in the courtship section above, the 
male secretes a colorless fluid from his tail while it 
is undulating against the belly of the female during 
the tail-straddling stage. Furthermore, as the belly 
of the female passes over a recently deposited sperma- 
tophore, the cap is in contact with her belly but 
does not become detached from the stalk until seized 
by the cloacal lips of the female. 

The outer surface of the cap of the spermatophore 
in this genus is very adhesive and is easily detached 
from the stalk. Occasionally a female passed to one 
side of a spermatophore instead of directly over it 
and the cap adhered to the side of her body or to her 
hind leg when these areas came in contact with it. 
In these cases, the cap was invariably detached from 
the stalk and remained adherent to the body of the 
female. These body areas had not been in contact 
with the undulating tail of the male. It is highly 
probable that, in addition to having a hedonic effect 
on the female (Noble 1929), the specialized glands in 
the tail of the male may also serve to lubricate the 
belly region and forelimbs of the female and prevent 
the premature removal of the sperm cap from the 
stalk until it can be seized by the cloacal lips of the 
female. 

To test the lubricating effect of the secretions of 
males during courtship, the paper toweling in some of 
the containers was not changed for a period of a week. 
After only a few days of active courtship on the part 
of the captives in some of these containers, the towel- 
ing became so slippery that the males could no longer 
deposit spermatophores on its surface, even though 
the spermatophores could be seen protruding from 
the males as they attempted to deposit them. The 
unchanged paper toweling in containers with non- 
courting salamanders, however, did not become slip- 
pery even after a period of a week. While this is 
seanty evidence, it does indicate that the males exude 
a substance during courtship that may allow the belly 
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region of the female to pass directly over a sperma- 
tophore without detaching the cap prematurely. 

The large size of the males compared with the 
females in Desmognathus (Dunn 1926) and Lewrogna- 
thus (Martof 1956) is unique in the family Pletho- 
dontidae. In other plethodontid genera, apparently, 
the females either equal or exceed the males in size 
(Dunn 1926). The large males of Desmognathus have 
an advantage over the smaller males in aggressive be- 
havior associated with courtship. Since aggressive 
behavior is not restricted to the genus Desmognathus, 
however, it is unlikely that large size in males is an 
adaptive character in salamanders for combat. In 
the sections on the survivorship of males and of fe- 
males, it will be demonstrated that much of the size 
difference between the sexes in this genus can be 
explained on the basis of the relative survival of 
the sexes. The mature females do not survive as well 
as the mature males and therefore have less proba- 
bility of attaining the large size of the males. 

CourtsHIp SEASON 

In New York, D. fuscus and D. 0. ochrophaeus are 
known to court both in the fall and the spring 
(Bishop 1941). In the southern Appalachian Moun- 
tains, however, the courtship seasons of the species 
in this genus had not been determined. Recently cap- 
tured specimens of all five species of Desmognathus 
in the present study engaged in spontaneous court- 
ship. The conditions under which the captives were 
maintained have been described in the courtship sec- 
tion. 

Although the five species were maintained during 
the summer months of July and August for two 
successive years, no evidence of summer courtship 
was noted. Presumably, members of the genus 
Desmognathus do not engage in courtship activity 
during the summer. 

In September, males of D. quadramaculatus were 
found in the field with spermatophores in their vents. 
On the morning of September 20, a stalk from a 
spermatophore was found in a container that held a 
male and a female of this species. Examination of 
the cloaca of the female revealed that she was holding 
a spermatophore sperm cap between the lips of her 
vent. The cap was held near the anterior angle of the 
vent and was protruding from the vent, indicating 
that it had been picked up recently. This was the 
only direct evidence of courtship observed in D. 
quadramaculatus but it indicates that this species 
has a fall courtship period. 

Courtship took place in D. monticola throughout the 
months of September, October, and April. D. fuscus 
courted in September, October, April, and May. 
Courtship was seen in D. o. carolinensis in September, 
October, and. April and a male was found in June 
with a spermatophore in his vent. D. wrighti courted 
in September, October, April, and May. 

Since four out of five of the species in Desmogna- 
thus had both a fall and a spring courtship season, 
it is reasonable to suspeet that D. quadramaculatus 
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also has a spring courtship season in addition to the 
single observation on fall courtship. 

No observations were made during the winter 
months but the studies on local distribution indicated 
that D. 0. carolinensis and D. wrighti aggregate in 
underground seepage areas prior to the winter. It is 
unlikely that courtship takes place during the winter 
in these crowded sites. Presumably, activity is re- 
dueed in all of the species of Desmognathus during the 
winter months and courtship may not take place in 
any of the species when the temperatures drop below 
a critical level during that season. 

Since the courtship seasons of the five species 
appear to- coincide, the sexual isolation between them 
must be more pronounced than was indicated by the 
courtship patterns alone. Noble & Brady (1930) at- 
tempted cross-matings between closely related species 
of plethodontid salamanders and concluded that 
olfactory stimuli characteristic of the species pre- 
vented hybridization. The males of one species would 
“nose” females of another species but courtship never 
progressed beyond this point. 

SEASONS OF EaG LAYING AND HATCHING 

The eggs of D. quadramaculatus were found on one 
oceasion. On June 22, seven clutches were discovered 
while excavating the bed of a small stream (Table 6). 
The development of the embryos within each clutch 
was uniform but the clutches ranged in development 
from those with unsegmented eggs to those with un- 
pigmented embryos in the limb bud stage. Pope 
(1924): found the eggs of this species in July and 
August. The clutches he found also showed considera- 
ble variation in stage of development. In August, 
they varied from those containing well developed, but 
unpigmented, embryos to those at the point of hateh- 
ing. D. quadramaculatus clearly has an extensive egg 
season, the masses being found in the field from June 
through August and probably into September. Hatch- 
ing oceurs from August through September and there 
is considerable variation in the time at which indi- 
vidual females deposit their eggs. 

The eggs of D. monticola were found in the field 
from June 16 to September 4 (Table 6). Those found 
in June were either unsegmented or in early cleavage 
stages. The one clutch found in July contained early 
embryos that were unpigmented. The eggs of this 
species found by Pope (1924) in July and August 
were either unsegmented or in early stages of de- 
velopment. The single clutch found during the month 
of September (Table 6) was in the hatching stage and 
approximately half of the young had already escaped 
from the egg capsules but were still near the egg mass 
when the nest was discovered. The hatching date of 
September 4 agrees well with that given by Brady 
(1924), who found hatchlings of this species emerging 
from: the eggs on September 5. In general, there 
appears to be less variation in the egg laying period 
of individual females in this species than in D. 
quadramaculatus. 

The eggs of D. fuscus were found from June 19 
through August 18 (Table 6). The eggs found in 
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TABLE 6. Egg masses of Desmognathus found in the 
field. The mean clutch size for each species is: D. 
quadramaculatus, 31; D. monticola, 27; D. fuscus, 23; 























D. 0. carolinensis, 10; and D. wrighti, 6. Abbreviations 
as in Table 1. 
| Number 
a . fe 
Species | Date Collected Stage When | Date Hatched | of 
ee Collected in Captivity in Mass 
DR poe | 22 June 1959 | Unsegmented | 23 
| “ Tail fold | 4i 
« . | 21 
« | « | 23 
“4 Early embryo | 31 
. “ |} 48 
| 
“ ~ | 35 
| 
DGS .2i35 c0K 16 June 1959 | Unsegmented | 17 
: | « | 27 
“ | - | 17 
22 June 1959 a | 36 
“ | “ 22 
« | « 38 
“ «“ } 29 
of Early cleavage 29 
15 July 1958 | Early embryo | 39 
4 Sept. 1958 | Hatching 4 Sept. | 16 
epee 19 June 1959 | Unsegmented | | 26 
25 June 1959 |  « | 28 
26 June 1959 | bd 21 
2 July 1957 | Early embryo | 26 
10 July 1957 | . | 28 
| od | ? | 6 Aug. 5 
| 10July 1958 | « 33 
18 Aug. 1958 | Pigmented embryo | 27 Sept. 22 
. | Late embryo | 5 Sept. 17 
D.o.c.........] 14 June 1959 | Being deposited | 10 
| 14 Aug. 1958 | Early embryo | 9 
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“ “ 8 
“ ‘ee | 19200c. | 6 
| " } « 210ct. | 8 
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June were unsegmented ; those in July contained early 
embryos in various stages of development; and those 
in August contained pigmented embryos. Hatching 
took place in captivity on August 6, September 5, 
and September 27. As in D. quadramaculatus, there 
is probably considerable variation in the time of egg 
deposition by individual females. 

The eggs of D. 0. carolinensis were found from 
June 14 to October 16 (Table 6). The single clutch 
found in June was in the process of being deposited 
by the female when the nest was discovered. The two 
clutches found in August contained embryos in early 
stages of development and the five clutches found on 
October 16 contained late embryos. Two of the clutches 
collected on October 16 hatched between October 20 
and 21 and a third clutch hatched on October 25. 
Pope (1924) collected over 100 clutches of D. 0. 
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carolinensis eggs in August and found them to vary 
in development from those in early cleavage stages to 
those at the point of hatching. The eggs of this 
species, therefore, are found in the field from June 
through October and hatching apparently takes place 
from late August through October. In the Balsam 
Mountains the earliest date at which hatchlings of this 
species were found was late in October. 

The eggs of D. wrightt, which were previously un- 
known, were found on October 16 (Table 6). All of 
the clutches contained well developed, pigmented em- 
bryos. Four of the clutches hatched in captivity and 
the hatchlings emerged from the egg capsules from 
October 19 through October 26. Although little is 
known about the period of development of Desmogna- 
thus eggs in the field, a reasonable estimate would 
suggest that these D. wrighti eggs were deposited 
sometime in August. 

More observations on the reproductive seasons of 
the species of Desmognathus in the southern Ap- 
palachian Mountains would be desirable but even from 
these scanty data (Table 6) and from the study by 
Pope (1924) it is obvious that all five species have 
the same egg laying season and the same hatching 
season. The eggs are deposited by the females in the 
late spring or early summer; development proceeds 
during the summer; and hatching takes place in the 
late summer and fall. 


NESTING SITES 


Sinee all five species of Desmognathus deposit and 
brood their eggs at essentially the same time of the 
year, competition for suitable nesting sites must be 
intense. Pope (1924) suggested that D. quadra- 
maculatus and D. monticola used different locations, 
the former utilizing the more aquatic locations and the 
latter utilizing sites in the vicinity of rotting logs 
on stream banks. This was based on finding two 
clutches of D. monticola eggs in such sites (Pope 
1924). 

In the Balsam Mountains, all of the egg masses of 
D. quadramaculatus were found in an excavation of 
the bed of a small stream at a point where the bed 
formed a small cascade roughly two feet high. The 
nests were in the interstices between the rocks at 
depths of 6-12 inches below the stream bed. The eggs 
were attached either to the undersides of rocks or to 
tree roots and each clutch was attended by a female. 
Pope (1924) found the eggs of this species in similar 
sites associated with small waterfalls. 

One elutch of D. monticola eggs was found in 
direct association with the eggs of D. quadramaculatus 
in the location deseribed above. Seven additional 
clutches were found close to the D. quadramaculatus 
site, but in the stream bank at a depth of 12 inches. 
The nests of D. monticola were in the interstices be- 
tween the rocks and the eggs were attached either to 
the undersides of rocks or to tree roots. No physical 
differences could be detected between the sites in the 
stream bed and in the stream banks. Water con- 
stantly percolates through both and each is wet enough 
to support salamander larvae. Two other clutches 
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of D. monticola eggs were discovered attached to the 
undersides of large rocks partially buried in the banks 
of seepage areas where D. quadramaculatus is known 
to be absent. Pope’s contention that the two species 
utilize different sites for nesting purposes has been 
confirmed since all of the egg masses of D. quadra- 
maculatus were found in the stream bed and all but 
one clutch of D. monticola eggs were found in the 
banks of aquatic sites. There is some overlap be- 
tween the two species, however, since one egg mass 
of D. monticola was found in direct association with 
D. quadramaculatus eggs. D. monticola has a wider 
range of nesting sites than D. quadramaculatus. It 
uses the vicinity of rotting logs on stream banks 
(Pope 1924), the undersides of roeks in the banks, 
and underground seepage areas beneath the banks 
and beds of streams. 

The nesting sites of D. fuscus are even more varied 
than those of D. monticola. Three clutches were 
found attached to the undersides of rocks in the water 
of small streams; two clutches were in eavities in 
rotting logs on stream banks; three clutches were in 
cavities in the mud at the edge of the water in seep- 
age areas; and one clutch was in an underground seep- 
age area in a stream bank at a depth of 12 inches. 
In spite of the varied nature of the nesting sites of 
this species, it is noteworthy that its eggs were not 
taken in direct association with those of any other 
species of Desmognathus. 

Two of the clutches of D. 0. carolinensis eggs were 
attached to the undersides of large rocks in the banks 
of seepage areas and the rest were found beneath 
stream banks in underground seepage areas at a depth 
of 6-12 inches, attached to rocks. Most of the eggs of 
this species found by Pope (1924) were in cavities 
in rotting logs in the vicinity of water. The sites 
selected by females of D. 0. carolinensis for nests 
in the Balsam Mountains are essentially the same 
as those selected by D. monticola but the eggs of these 
two species were not found in direct association during 
the present study. 

All six clutches of D. wrighti eggs (Table 6) were 
found in an underground seepage area beneath the 
bank of a stream at a depth of 12 inches. The eggs 
were attached to rocks and were found in direct asso- 
ciation with the eggs of D. o. carolinensis. 

The similarities of the nesting sites utilized by the 
species of this genus are far more striking than are 
any differences between them. It is true that the 
nests of D. quadramaculatus are located beneath the 
stream beds and cascades but this type of site is 
also used by D. monticola. D. fuscus has its nests 
both in the stream and the stream banks but D. o. 
carolinensis, D. wrighti, and D. monticola typically 
use sites in the banks. The one type of location used 
for nesting purposes by all five species in the genus 
appears to be the underground seepage areas at 
depths of approximately one foot beneath a stream bed 
or a stream bank. 

The eggs of D. quadramaculatus and D. monticola 
were taken in direct association as were those of 
D. o. carolinensis and D. wrighti. Pope (1924) found 
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the eggs of D. monticola and D. 0. carolinensis in 
close association. From this it seems likely that the 
eggs of several species could be found in the same 
site at the same time. 


EaG MASssEs AND ATTENDING FEMALES 


As Pope (1924) pointed out, there are two distinct 
methods of attaching eggs to the roof of the nest 
cavity in this genus. D. quadramaculatus and D. 
monticola attach the eggs individually to the roof of 
the cavity and the eggs form a relatively flat mass two 
to three layers in thickness. Each egg is provided 
with an elastic attachment stalk which is an extension 
of the outer egg capsule. Water currents and the 
movements of the attending females were seen to move 
the eggs back and forth from one layer to another 
when the nests were being excavated. Presumably, 
the eggs are shifted back and forth from one layer to 
another during their development by these same 
forces. 

D. fuscus, D. 0. carolinensis, and D. wrighti deposit 
their eggs in the form of a compact grape-like cluster 
with only one or two of the more central eggs of the 
mass directly attached to the roof of the cavity. The 
attending females in these three species are usually 
found in the nest coiled around the egg mass, the chin 
resting upon it or the head thrust into the center of 
the mass. The attending females of D. quadra- 
maculatus and D. monticola, on the other hand, are 
found coiled beneath the eggs which are suspended 
above them. 

Since spent females of this genus are invariably 
found in the nest with eggs at all stages of de- 
velopment and even in nests containing hatchlings, it 
is assumed that they remain with their eggs through- 
out the entire development of the embryos through 
hatching. Apparently they do not leave the eggs to 
forage for food but may feed on small organisms that 
enter the nest cavity. If the females remain with 
the eggs during the summer months, when the other 
individuals of their species are feeding, they must 
suffer some detrimental effects from the lack of food. 
Moreover, the young hatch in the late summer and fall 
and the attending females have relatively little time 
for feeding between the time the young emerge from 
the eggs and the onset of winter. At least some of the 
difference in size between males and females may be 
attributable to the stunting of growth in the latter 
while they are brooding their eggs. 

Mature females in D. quadramaculatus attain a 
larger size than those of any other species of Des- 
mognathus (Fig. 3). There is a progressive reduction 
in the size of the females through D. monticola, D. 
fuscus, and D. o. carolinensis to D. wrighti, which has 
the smallest mature females in the genus (Figs. 3, 4). 
The clutch size of a species is roughly related to the 
size of the female depositing the clutch (Pope 1924) 
and the mean elutch size for each species of Des- 
mognathus in the Balsam Mountains follows the 
same progressive pattern of reduction seen in the size 
of the females. The mean clutch size for D. quad- 
ramaculatus is 31; for D. monticola, 27; for D. fuscus, 
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23; for D. o. carolinensis, 10; and for D. wrighti, it 
is only 6. These estimates of the mean clutch size for 
each species are based on the data in Table 6 for egg 
clutches found in the field. The mean clutch sizes for 
D. quadramaculatus, D. monticola, and D. o. caro- 
linensis, based on Table 6, agree well with the mean 
clutch sizes for these species calculated from the data 
given by Pope (1924). 

REcENTLY HAtcHEpD YOUNG 

Neither the hatching process nor the recently 
hatched young of D. quadramaculatus was seen in the 
Balsam Mountains but Pope (1924) has described 
and figured the hatchlings of this species. Both the 
hatching process and the recently hatched young of 
the other four species of Desmognathus in the Balsam 
Mountains were studied during the late summer and 
fall of 1958. 

At hatching, the young of D. quadramaculatus 
(Pope 1924), D. monticola, D. fuscus, and D. 0. caro- 
linensis emerge from the eggs in the larval condition. 
The hatchlings have well developed gills, a well de- 
veloped fin on the dorsal and ventral surfaces of the 
tail, and a considerable amount of yolk still visible 
in the belly region. 

The hatchlings of D. wrighti, unlike those of any 
other known species of the genus Desmognathus, 
emerge from the eggs in a fully transformed condi- 
tion. The gills are absent and the dorsal and ventral 
tail fins are also absent. Gills are present in the late 
embryo but are resorbed prior to hatching. The yolk 
is prominent but does not hinder locomotion. The 
snout of the hatchlings of D. wrighti is unpigmented, 
a condition which is characteristic of recently trans- 
formed individuals in D. 0. carolinensis and D. o. 
ochrophaeus (Bishop 1941). 

Several clutches of D. 0. carolinensis eggs, taken 
at the same time and in the same site as those of D. 
wrighti, hatched in captivity under the same condi- 
tions as those of D. wrighti. The D. o. carolinensis 
eggs all produced larval hatchlings whereas those of 
D. wrighti all produced transformed hatchlings. It 
is unlikely, therefore, that conditions of captivity in- 
duced abnormal transformation in D. wrighti prior to 
hatching. Thus, D. wrighti is the only species in the 
genus known to undergo metamorphosis within the 
egg capsules and to omit a free-living larval stage 
from its life history. 


POPULATION DYNAMICS 


Deevey (1947) stressed the importance of life table 
information and particularly of survivorship infor- 
mation in the study of natural populations. In deal- 
ing with stationary populations, if one plots the 
logarithm of the number of individuals in each year 
class against their age, a survivorship curve is ob- 
tained which is characteristic of the population in 
the environment from which the population was taken. 

In referring to theoretical types of survivorship 
curves, based on the earlier work of Pearl & Minor 
(1935), Deevey (1947: 286) states: 

“Type I, the negatively skew rectangular, is shown 
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by members of a cohort which, having been born at 
the same time, die more or less simultaneously after 
a life span which is presumably characteristic of the 
species. Type II is diagonal (when the logarithm 
of the number of survivors is plotted against age), 
implying a constant mortality rate for all age groups, 
or no one age as a favored time of dying. Type ITI, 
the positively skew rectangular, shows extremely 
heavy mortality beginning early in life, but the few 
individuals which survive to advanced ages have a 
relatively high expectation of further life.’ Further- 
more, Deevey was able to caleulate the survivorship 
curves and life tables for several natural populations 
from information in the literature. 

Size-frequency histograms have been used extensive- 
ly in herpetological literature to determine the num- 
ber of year classes present in a given sample. For 
some groups of Amphibia, this is a successful method 
of determining the structure of a stationary popula- 
tion. Bannikov was able to determine the population 
structure of the European Fire-belly Toad, Bombina 
bombina (1950) and of the salamander, Ranodon 
sibiricus (1949) by means of size-frequency data 
based on large samples taken during a short time in- 
terval in the field. Even in these studies, however, 
it was impossible to determine the number of age 
groups contained within the size class representing 
sexually mature adults. 

In studies of plethodontid salamanders, size-fre- 
quency information is valuable in determining the 
number of year classes prior to maturity but the adult 
year classes merge together on a size-frequency histo- 
gram. The data presented by Pope & Pope (1949, 
1951) and Pope (1950) for three species of the sala- 
mender genus Plethodon show a considerable number 
of adults compared with the number of young speci- 
mens collected. Some of this diserepancy between the 
small number of young and the large number of adults 
collected is doubtlessly the result of being able to find 
the adults more easily in the field. Much of it, how- 
ever, is due to a “piling up” of adult year classes 
on a size-frequeney histogram. 

The progressive merging of the year classes of 
Desmognathus is striking in the monthly  size- 
frequency histograms based on the collections from the 
Balsam Mountains (Figs. 3, 4, 5). Sinee size- 
frequency information is useless in determining the 
population structure of adult plethodontid salaman- 
ders, some method of separating the year classes con- 
tained within the adult sample is needed. For Des- 
mognathus, such a method has been available since 
1922 but it has never been applied in the study of 
the structure of salamander populations. 

Humphrey (1922) clearly established the relation- 
ship between the age of mature males of Desmogna- 
thus fuscus and the number of lobes on the testes. The 
smaller, younger males have one lobe on each testis 
and the larger, older males have 2-5 lobes on each 
testis with a direct relationship between the number of 
lobes per testis and the size of the male. Humphrey 
was able to assign an absolute time interval between 
the formation of successive lobes of the testis, stating: 


THE SALAMANDER GENUS 


205 


“In short, the second lobe on the testis of a multiple 
testis may possibly come to full maturity only after an 
interval of three years from the time its territory on 
the testis first matured sex cells—that is, in the ani- 
mal’s third season of sexual activity.” (op. cit., p. 56). 
Thus, a male with 2 full mature lobes per testis is 
in its third year of sexual activity, a male with 3 
mature lobes per testis is in its fifth year of sexual 
activity, and a male with 4 mature lobes per testis is 
in its seventh year of sexual activity. 

Humphrey found considerable variation in the de- 
velopment and size of the lobes in males at any given 
season and this variability in size of lobes was con- 
firmed by the present study. To eliminate the neces- 
sity of classifying subjectively the various sizes of 
lobes on the testis, all lobes, both large and small, were 
counted equally. The second, third, and fourth lobes 
are known to be present but not fully developed dur- 
ing the second, fourth, and sixth years of sexual 
activity respectively. By counting all lobes equally, 
the one-lobe category includes immature males and 
males in their first breeding year, the two-lobe cate- 
gory includes males in their second and third breeding 
years, the three-lobe category includes males in their 
fourth and fifth breeding years, and the four-lobe 
category includes males in their sixth and seventh 
breeding years. 

By way of example, the relationship of the lobes 
of the testis to the size-frequency distribution of 
males of D. monticola, taken in the spring of 1959, 
is indicated in Figure 6. Each size-frequency cate- 
gory based on lobes per testis (where the sample is 
large enough) is bimodal suggesting that there are 
two year classes in each. The collection of males 
of D. monticola taken in the spring of 1959 is not 
unique. The same relationship oceurs in collections 
of males of each of the other species of the genus 
and for each season studied. 

The populations of Desmognathus in tais area were 
assumed to be stationary, i.e. neither increasing nor 
decreasing in number. This also assumes that the 
number of young entering the populations each year 
is a constant. For many amphibians this assumption 
would be invalid. For example, in the Rana p. 
pretiosa population studied by Turner (1960), the 
number of young entering the population fluctuates 
considerably from year to year. This is due primarily 
to the instability of the sites utilised by the species 
for reproductive purposes. In some years, the ponds 
containing eggs and larvae dry-up completely be- 
fore the young transform thereby destroying virtually 
all members of a year class. In other years, the ponds 
retain water and many, if not most, of the eggs pro- 
duce transformed young. 

In the salamander genus Desmognathus, however, 
the nest sites are located beneath the beds and/or 
banks of streams and springs below the ground 
seepage level. These sites provide a relatively non- 
fluctuating environment, in terms of temperature and 
moisture. Moreover, some benefit to the eggs probably 
acerues from the presence of the attending (guard- 
ing?) female. It is therefore reasonable to assume 








206 
"" 4 LOBES 





| 3 LOBES 


10 
hana 7 








INDIVIDUALS 
re) 





o 

°o 
Li! 
i 


NUMBER OF 
ied oa 














= UNSEXED 
10 
J 
TTTT 
< ¢ YY ¢ 


m© 


SNOUT- VENT LENGTH (mm) 


Fig. 6. Relationship of snout-vent length to the number 
of lobes per testis based on the Spring 1959 collection of 
males of D. monticola. White squares represent larvae 
and black squares represent transformed individuals. 


that egg mortality, resulting from environmental 
fluctuation (particularly temperature and moisture) 
is not only relatively constant but also low from 
year to year in the study area. 
AGE AT TRANSFORMATION 

Field studies of the reproduction of the five species 
of Desmognathus in the Balsams indicated variation 
in the egg-laying and hatching periods for each 
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species. All five species, however, have essentially 
the same reproductive cycle, depositing their eggs in 
the late spring. Hatching takes place in the late 
summer and early fall. 

In order to express “age” throughout this paper 
with some degree of consistency, all five species are 
assumed to lay their eggs during the month of June 
and the age of the salamanders will be taken from 
the time at which the eggs are deposited. Thus, a one 
year old salamander is not one that hatched one year 
previously but one that entered the population as an 
egg one year previously. 

The larvae of D. quadramaculatus are found in the 
field throughout the year (Fig. 3). Since the age of 
the individuals is taken from June, the two size 
classes of larvae of this species that are present in 
June are 1 and 2 years of age. Recently transformed 
individuals were collected in August, September, and 
October (Fig. 4). Transformation in this species, 
therefore, takes place between the ages of 26 and 
28 months. 

The larvae of D. monticola are found in the field 
from September through June and form a single 
size class on a size-frequency histogram (Fig. 3). 
Recently transformed individuals were taken in June 
and July (Fig. 4). The smallest group of trans- 
formed individuals in June and July have approxi- 
mately the same snout to vent length as the larvae in 
June and transformation must occur when the larvae 
are 12-13 months of age. 

In the Balsam Mountains, the observed variation in 
hatching time for D. fuscus was greater than for any 
other species in the genus. This variation in hatching 
time is reflected in the size-frequency histograms for 
the larvae of this species (Fig. 3). The range in 
larval size is greater than in D. monticola but in none 
of the monthly collections did D. fuscus show two 
distinet size classes of larvae. Recently transformed 
individuals were taken in July, August, September, 
and October (Fig. 4) which, again, is a reflection of 
the variation in hatching time. It is assumed that 
the larvae represented in the histogram for the month 
of June (Fig. 3) are 1 year of age and that trans- 
formation in D. fuscus takes place between the ages 
of 13 and 16 months. The larval period for this 
species, therefore, is shorter than that for D. quadra- 
maculatus but longer than that for D. monticola. 

The larvae of D. 0. carolinensis are found from 
October through April (Fig. 3) and form a single 
size class on the monthly size-frequency histograms. 
Recently transformed individuals were collected in 
April and May (Fig. 5) and were approximately 
the same size as the larvae in April. Thus, trans- 
formation takes place in D. 0. carolinensis between 
the ages of 10 and 11 months. 

The five species of Desmognathus in the present 
study have a progressive reduction of the length of 
the larval period which correlates roughly with the 
habitat occupied by the species. D. quadramaculatus, 
the most aquatic species in the genus, has the longest 
larval period, transforming at 26-28 months of age. 
D. fuscus, a stream bank species, transforms at 13- 
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16 months and D. monticola, also a stream bank 
species, transforms at 12-13 months. D. 0. caro- 


linensis, which is more terrestrial than D. quadra- 
maculatus, D. monticola, and D. fuscus, transforms at 
10-11 months and finally, D. wrighti, the most ter- 
restrial species in the genus, transforms within the 
egg capsules prior to hatching and has no free-living 
larval stage. 


AGE OF MALES AT MATURITY 


Humphrey (1922) demonstrated by histological 
studies of the testes of D. fuscus that the spermato- 
genetic wave in this genus results in the formation and 
release of mature spermatozoa in the fall. Sinee 
males, maturing for the first time, are in a transition 
stage between immaturity and maturity, it is difficult 
to determine macroscopically whether a particular 
individual is immature or mature. The use of col- 
lections obtained in the fall to determine the age at 
maturity was further complicated by the fact that 
some individuals of D. quadramaculatus and D. fuscus 
were still transforming from larval to adult stages. 
In D. quadramaculatus, particularly, the size classes 
merge together on a size-frequency histogram at the 
age of transformation and there was no clear distine- 
tion between individuals that transformed during the 
previous year and those that transformed during the 
current year. 

The age of males at maturity, therefore, has been 
based on the spring collections. The distinction be- 
tween immature and mature males was made more 
easily in the spring because the mature males had 
enlarged lobes on the testes and the vasa deferentia 
were packed with sperm. The single lobe on each 
testis of immature males was small and the vasa def- 
erentia were neither enlarged nor packed with sperm. 
Moreover, transformation did not oceur in D. quadra- 
maculatus during the spring and the largest size- 
group of larvae were clearly one year younger than 
the smallest size-group of transformed individuals. 

In June, the larvae of D. quadramaculatus (Fig. 3) 
were 1 and 2 years old. Since transformation oce- 
curred prior to the age of 3, the smallest transformed 
individuals in June were 3 years of age (Fig. 4). 
These 3-year-old individuals could be separated into 
males and females. The males had one immature 
lobe on each testis and the smallest mature male had 
a snout to vent length of 55.0 mm. This places the 
mature males in the next size group, representing indi- 
viduals 4 years of age. 

Since D. monticola transformed during the month 
of June, the smallest size-group on the size frequency 
histogram for transformed specimens of this species 
collected in June (Fig. 4) represents individuals that 
are 1 year of age. The individuals in this size group 
and in the next size group, which represents individ- 
uals that are 2 years of age, could not be separated in- 
to males and females. The third group, individuals 
that are 3 years of age, could be separated macro- 
seopically into males and females. The males at 3 
years of age had small, immature testes. The smallest 
mature male had a snout to vent length of 47.0 mm 
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and is in the fourth size class which represents indi- 
viduals that are 4 years of age. 

In the spring size-frequency histograms for D. 
fuscus, the larvae were 1 year old (Fig. 3) and the 
smallest transformed individuals were 2 years old 
(Fig. 4). As in D. monticola, the 2-year-old indi- 
viduals could not be separated macroscopically into 
males and females. The 3-year-old individuals are 
represented by the next size class. The males in this 
size class had small, immature testes (Fig. 4) and the 
smallest mature male had a snout to vent length of 
41.0 mm, which places it in the next size class at 
4 vears of age. 

Transformation occurred in D. 0. carolinensis prior 
to the month of June. The two size classes of trans- 
formed individuals that could not be separated into 
males and females are 1 and 2 years of age (Fig. 5). 
The 3-year-old males in the third size class had im- 
mature testes and the smallest mature male had a 
snout to vent length of 34.0 mm which, again, places 
mature males in the fourth size class at the age of 
4 years. 

In D. wrighti the young emerge from the eggs as 
transformed salamanders. In the size-frequency his- 
tograms of this species for May and June the first 
two size classes represent individuals that are 1 and 2 
years of age (Fig. 5). These two size classes could 
not be separated macroscopically into males and 
females. The third size class, representing the 3 year- 
old specimens, could be separated into males and 
females (Fig.5). Three year old males of this species 
had small, immature testes. The smallest mature 
male had a snout to vent length of 25 mm whieh indi- 
eates that it is in the next size elass, i.e., individuals 
that are 4 years of age. 

In the spring, the males of all five species of 
Desmognathus in the Balsam Mountains are immature 
at the age of 3 years but mature at the age of 4. 
Since the spermatozoa in this genus are produced 
during the fall, the smallest mature males of all five 
species must have attained sexual maturity during 
the pervious fall at approximately 3.5 years of age. 

The size of the species, length of larval period, and 
habitat apparently have no effect on the age at which 
males of this genus mature. The age of sexual ma- 
turity of the five species considered in the present 
study is 3.5 years. 


AGE OF FEMALES AT MATURITY 


Females with small ova and lacking the large con- 
voluted oviducts characteristic of spent individuals 
were assumed to be immature. The collection was 
divided into a summer (July and August, 1957 and 
1958), a fall (September and October, 1958), and a 
spring (April, May, and June, 1959) collection. The 
total number of immature females was tested against 
the total number of males with one lobe per testis 
by the Chi Square method for each species and for 
each of the studied. The 0.05 level was 
selected for acceptance of the null hypothesis that the 
sex ratio was 1:1. The results were such that the 


seasons 
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null hypothesis could be accepted at better than the 
0.05 level and rejected at the 0.01 level. 

Of the fifteen samples thus tested, only four failed 
to show a 1:1 sex ratio between immature females 
and males with one lobe per testis (Table 7). With 
the exception of D. fuscus, every species had a 1:1 
sex ratio between these females and males for at 
least two out of the three seasons tested. The im- 
mature females, therefore, are considered to be equal 
in number to the males with one lobe per testis. 


TABLE 7. Chi Square Tests of the ratio of immature 
females to males with one lobe per testis. The null hypo- 
thesis is that the sex ratio is one to one. The data were 
such that this was accepted at better than the 0.05 level 
and rejected at the 0.01 level (**). Abbreviations as in 
Table 1. 








Number of | Number of | 
Species | Season | Males With | Immature | Chi 
One Lobe Females Square 
es an | 108 134 3.26 
Fl | = 126 174 7.68** 
Sp 146 170 1.82 
eee eee 56 72 2.0 
Fl 60 61 0.008 
Sp 164 182 0.936 
BBs e's 6 Sm 89 51 10.3** 
Fl } 81 86 1.498 
Sp 221 156 11.26** 
D.o.c... Sm 205 215 0.238 
Fl 123 155 3.682 
Sp 264 254 0.193 
See Sm 86 48 10.76** 
Fl 40 30 1.486 
Sp 146 116 3.42 

















The field studies failed to disclose any difference in 
habitat or behavior between immature females and 
either immature or mature males. It is unlikely, 
therefore, that there is a difference in mortality be- 
tween the sexes prior to maturity of the females. 
Since the immature females, as a group, are numeri- 
cally equal to the males with one lobe per testis, they 
must be the same age as these males. This, of course, 
assumes that males and females are produced in equal 
numbers at hatching. 

In the spring males with one lobe per testis are 
known to be 3 and 4 years of age. The immature 
females must also be 3 and 4 years of age. Egg lay- 
ing takes place in the spring but 4 year old females 
are not sufficiently developed sexually to produce eggs 
in the spring. Therefore, the mature females in the 
collection must be 5 years of age or older. Thus, the 
females of all five species deposit eggs for the first 
time when they are 5 years old. Since there is a fall 
as well as a spring courtship, the females probably 
reached maturity during the previous fall at an age 
of approximately 4.5 years, exactly one year later 
in life than the males of this genus. As in males, 
the size of the species, duration of larval period, 
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and habitat apparently have no effect upon the age 
at which the females attain maturity. 
THE BREEDING CYCLE OF FEMALES 

In the spring, prior to the beginning of the egg- 
laying season in June, the females in the collection 
fall into three distinet groups: 1) those with small, 
relatively uniform, colorless and/or white ova in the 
ovaries and with small oviducts; 2) those with large 
white ova in the ovaries; and 3) those with small white 
ova and usually with one or two large yellowish 
spherical bodies (retained and resorbing ova?) in the 
ovaries and with enlarged convoluted oviducts indi- 
cating that they are spent. The first group is com- 
posed of immature females and the last two groups 
are mature females. : 

The spent females found in the spring prior to the 
egg-laying season must represent the females that 
produced eggs during the preceding year. It is 
highly improbable that the ovaries of these females 
are capable of forming large yolked ova in time for 
depositing eggs during the current year. Thus, there 
must be a biennial breeding cycle in the females of 
this genus in the Balsam Mountains. 

This should not be surprising when the habits of 
breeding females are considered. After depositing 
their eggs, the females remain with the eggs in the 
nest throughout the period of development and hatch- 
ing. Since the eggs hatch in late summer and fall, 
the attending females have little opportunity to feed 
before the onset of winter when, in this area, activity 
is presumably reduced. From a nutritional stand- 
puint, the spent females have little opportunity to lay 
down yolk in the ovaries and, at the same time, meet 
their basic physiological requirements. 

Since there is evidence for a biennial breeding cycle 
in females of this genus, the eggs are presumably de- 
posited for the first time when the females are 5 
years old. At 6 years of age, the females are spent 
but are forming large yolked eggs in the ovaries 
again. At 7 years of age, the second egg clutch is 
deposited. At 8 years of age the females again are 
spent and at 9 years of age, the third clutch is de- 
posited. 


THE RELIABILITY OF PARTIAL SURVIVORSHIP CURVES 
BASED ON THE MULTIPLE TESTIS 

To test the reliability of those portions of the 
survivorship curves for males based on the number 
of lobes per testis, the collection was divided into a 
summer, fall, and spring sample, as was indicated 
above in the section on the age of maturity of females. 
For each species and for each of the three seasons, 
the number of males in the 1 lobe, 2 lobe, 3 lobe, and 
4 lobe categories was determined (Table 8). The 
number of males with one lobe per testis in each 
sample was converted to a sample size of 100 and 
the number of males with 2, 3, and 4 lobes per testis 
were proportionally converted to the number surviving 
on the basis of an initial population of 100 males 
with one lobe per testis. In this way, the survivorship 
curves for each of the species at each of the seasons 
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studied could be directly compared on a_ semi- 
logarithmic graph for seasonal variation (Fig. 7). 

In determining that part of the survivorship curve 
for males that is based on the number of lobes per 
testis, the season of the year in which the samples 
were taken apparently is less important than the 
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TABLE 8. Seasonal variation in the population structure 
of males. See text for the method used in obtaining 
the number of males in the year classes 0-1 and the 
method used in obtaining the survivorship (1,) of males 
from the samples collected in the spring. Abbreviations 
as in Table 1. 
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NUMBER OF LOBES ON TESTIS 

Fig. 7. Seasonal variation in partial survivorship curves based on the number of lobes per testis. The verti- 
cal axis is on a logarithmic scale and the points on the survivorship curves were calculated from the data in 
Table 8 by the method explained in the text. 
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Desmognathus, however, every point on the male 
survivorship curve represents not one but two year 
classes (Table 8). To obtain the initial point on the 
survivorship eurve for males of each species, it is 
necessary to know the number of males at age 0 and 
the number surviving to one year of age. The start- 
ing point of the survivorship eurve for each species 
will then be the sum of the individuals in age classes 
0 and 1. 

The number of male eggs produced per year is 
relatively easy to determine. This is the product of 
one half the mean clutch size times the number of 
females producing eggs during the current year. The 
mean clutch size for each species was based on the 
egg masses found in the field (Table 6). The number 
of females producing eggs during the current year is 
nearly impossible to determine from collections taken 
in the summer and fall because it is difficult to dis- 
tinguish between females that were spent during the 
previous year and those spent during the current year 
unless the latter are actually taken in the nest with 
their eggs. In collections taken in the spring, prior to 
egg-laying in mid-June, it is a simple matter to dis- 
tinguish between females that produced eggs during 
the previous year and those producing eggs during 
the current year. The former have spent ovaries and 
the latter have large ripe ovarian eggs ready for dep- 
osition. From mid-June to the end of June, all spent 
females taken in association with eggs in the nests 
were added to the number of ripe females collected in 
the spring and all spent females not taken in associa- 
tion with eggs in the field were added to the number 
of spent females that had produced eggs during the 
previous year. By this method, the total number of 
females in the spring sample known to be producing 
eggs during the current year for each species was: 
D. quadramaculatus, 30; D. monticola, 37; D. fuscus, 
42; D. o. carolinensis, 99; and D. wrighti, 46 (Table 
11). 

Assuming a 1:1 sex ratio at this age and assuming 
that the one year old individuals were collected in 
proportion to their relative numbers in the population, 
the number of males surviving to the age of one year 
is equal to one half of the unsexed one year old 
specimens collected in the spring. Unfortunately, 
the small size and secretive habits of the larvae and of 
the transformed one and two year old salamanders 
makes the sampling error greater for these age groups 
than for any other (Figs. 3, 4,5). Even if there were 
no mortality between the ages of one and two, which 
is unlikely, one would expect the number of one year 
old individuals to equal the number of two year old 
individuals. In every collection, however, the indi- 
viduals one year old were fewer in number than the 
individuals in the two year old group. The latter 
were also fewer in number than had been expected. 
The sampling error for two year old specimens, how- 
ever, appears to be less than that for the one year old 
specimens. 

The number of males in the age groups 0 and 1 can 
be estimated by two methods. Twice the number of 
male eggs produced per year would give the number 
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of male eggs for two successive years. This is an 
overestimation of the number in the year classes 0 
and 1 because it assumes that there is no mortality 
between the ages of 0 and 1 year. The number of 
male eggs produced per year plus one half the num- 
her of individuals in the two year old class, collected 
in the spring, would give an estimation of the males 
in the year classes 0 and 1. This weuld be an under- 
estimation because, whereas the sampling error for two 
year olds is less than that for one year olds, the 
number of two year old specimens is still deficient. 
Since the number of males in the age classes 0 and 1 
lies somewhere between the overestimation and the un- 
derestimation, the mean of the two estimates was 
selected as the number in the initial population. This, 
admittedly, is a source of error in the calculations of 
survivorship and population structure for each species 
but it is an error that cannot be avoided. 

The number of males in the year classes 0 and 1 
for each species, based on the spring sample and esti- 
mated by the method indicated above, was: D. quadra- 
maculatus, 720; D. monticola, 768; D. fuscus, 742; 
D. o. carolinensis, 750; and D. wrighti, 235 (Table 
8). The estimated number of males in the year classes 
0 plus one were then converted to a sample size of 
1.000 and the males in the 1, 2, 3, and 4 lobe ecate- 
gories were proportionally converted to the number of 
males surviving out of an initial population of 1.000 
(Table 8). For each species, this represents the sur- 
vivorship column (l,) of the male life table. 


SURVIVORSHIP OF MALES 


A direct comparison of the survivorship curves for 
males of the five species of Desmognathus shows a 
striking trend (Fig. 8). D. quadramaculatus and 
D. monticola males both have eurves close to the 
theoretical Type II curve; a straight line indicating a 
constant rate of survivorship for all age classes. 
Moreover, the curve for males of D. monticola is less 
steep than that for D. quadramaculatus indicating 
that the former has a higher rate of survival than the 
latter. The survivorship curves for males of D. fuscus, 
D. 0. carolinensis, and D. wrighti respectively show a 
progressive shift from a Type II curve to a Type I 
curve. The Type I curve, it should be remembered, 
“is shown by members of a cohort which, having been 
born at the same time, die more or less simultaneously 
after a life span which is presumably characteristic 
of the species.” (Deevey 1947: 286). No species of 
Desmognathus actually shows a true Type I curve, 
nor should it be expected to do so. Mortality in the 
field is not merely the result of old age but rather of 
accidents, predation, etc. The species of Desmogna- 
thus, however, show an unmistakable trend towards a 
Type I survivorship curve. This trend in the sur- 
vivorship of the species of Desmognathus is analogous 
to the survivorship trend of man from early primitive 
populations to modern popuiations (Deevey 1950). 

This range of survivorship for five closely related 
species of a single genus is truly remarkable but it 
should be remembered that the range of habitat in this 
genus is no less remarkable. The series: D. quadra- 
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maculatus, D. monticola, D. fuscus, D. o. carolinensis, 
D. wrighti is not only one of progressively. greater 
terrestrialism but it is also one of progressive in- 
crease in survivorship through the early years of 
sexual maturity. 

D. quadramaculatus shows little difference in habitat 
between the larvae and the transformed individuals. 
At all ages, this species is essentially aquatic and the 
mortality rates of the larvae and transformed indi- 
viduals are similar. Since most of the specimens of 
this species were taken from the water of large and 
small streams and the slope of the survivorship curve 
is steep, it may be concluded that mortality is not only 
constant but also high in these habitats (Fig. 8). 
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Fie. 8. Survivorship curves of males of five species 
of Desmognathus. The points on the survivorship curves 
were calculated from the data in the survivorship column 
(1,) of Table 8 by multiplying each quantity in the 
column by 1000. The vertical axis is on a logarithmic 
seale. 


In D. monticola, the larvae are aquatic and the 
transformed individuals are found in the stream 
banks. The larval period of this species is shorter 
than that of D. quadramaculatus but the survivorship 
for the early years of life for both species is essential- 
ly the same (Fig. 8). For the later years of life, at 
least during the early years of maturity, the slope of 
the survivorship curve of D. monticola is less steep 
than that of D. quadramaculatus. Thus, in terms of 
survivorship, whatever benefit accrues from a shift in 
habitat from stream to stream banks does not mani- 
fest itself until the salamanders have attained a cer- 
tain size. The survivorship of D. monticola is a re- 
flection of the survivorship in the banks of large and 
small streams at lowe: elevations since most of the 
specimens of this species came from these habitats. 
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Whereas the mortality within these habitats is lower 
than in the habitats occupied by D. quadramaculatus,. 
it is higher than the mortality in habitats oceupied by 
D. fuscus, D. 0. carolinensis, and D. wrighti (Fig. 8). 

The larval period of D. fuscus is apparently longer 
than that of D. monticola and the transformed indi- 
viduals are found within seepage areas and in the 
banks of the headwaters of streams. The mortality 
for the early years of life is lower for this species than 
for both D. quadramaculatus and D. monticola and 
this low rate of mortality extends into the early years 
of sexual maturity. Thus, the length of the larval 
period, in itself, does not influence survivorship but 
the habitat occupied by recently transformed indi- 
viduals has a considerable effect on survivorship. 
Since most of the specimens of D. fuscus were taken 
within seepage areas and the headwaters of streams, 
mortality in these sites is lower than in either the 
streams or the banks of mountain streams (Fig. 8). 

The larval period of D. 0. carolinensis is short; 
transformation occurs at an age of 10-11 months. The 
recently transformed individuals are found in the 
banks of aquatic sites during the spring of the year. 
Shortly thereafter, during the summer, the young are 
found in the forest. The mortality for the young of 
this species is lower than that for the young of D. 
quadramaculatus, D. monticola, and D. fuseus, the 
three more aquatic species of the genus. This low 
rate of mortality extends into the early years of 
maturity for males of D. 0. carolinensis and since 
most of the specimens of this species were taken in 
the forest, the mortality in terrestrial habitats is con- 
siderably lower than that in any of the aquatic habi- 
tats (Fig. 8). 

Finally, D. wrighti, which has no free-living larval 
stage, has the lowest mortality in the early years of 
life of the species studied (Fig. 8). All specimens 
of the one-year class and many of the two-year class 
were found during the fall and spring in underground 
seepage areas but some two-year-old specimens were 
taken in the forest during the summer, thus indicating 
that the young abandon aquatic sites at an early age. 
As was true of D. 0. carolinensis, the low mortality 
rate of the young extends into the early years of 
sexual maturity. If the survivorship of Desmognathus- 
is directly related to terrestrialism, one would ex- 
pect the most terrestrial species to show the highest 
survival rate. This is exactly the case. D. wrighti, 
the most terrestrial species, shows the highest rate of 
survival during the early years of life (Fig. 8). 

In this genus, therefore, the more terrestrial the 
species, the greater becomes the survivorship of the 
individuals. The reduction of the larval period, per 
se, does not lead to increased survivorship unless the 
transformed individuals leave the aquatie sites. As a 
corollary, therefore, it may be said that the earlier the 
aquatic sites are abandoned, the greater the proportion 
of individuals attaining sexual maturity. 


SURVIVORSHIP OF FEMALES 


Through the use of size-frequency information and 
the number of lobes per testis, it has been possible to 
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determine the survivorship of males. But what of 
the survivorship of females? No character compara- 
ble to the number of lobes per testis in males could be 
found to give the relative ages of adult females. 

If the sex ratios of total females to total males were 
one to one for each species, it could be assumed that 
the survivorship of the females was similar to that of 
the males of their species. Spring collections indi- 
cate, however, that this ratio is not one to one for 
all five species (Table 9). The total sex ratio is 
one to one in D. quadramaculatus and D. monticola 
but not in D. fuscus, D. 0. carolinensis, and D. wrighti. 
It might be valid to assume that the survivorship of 
D. quadramaculatus and D. monticola females was the 
same as that of the males but this assumption would 
clearly be invalid for D. fuscus, D. 0. carolinensis, and 
D. wrighti. 


TABLE 9. Chi Square Tests of the ratio of total 
females to total males based on the spring sample. The 
null hypothesis is that the sex ratio is one to one. The 
data were such that this was accepted at better than the 
0.05 level and rejected at the 0.01 level (**). Abbrevia- 
tions as in Table 1. 

















Species Total Males | Total Females} Chi Square 
D.q. 178 212 2.96 
“aaa 221 230 0.18 
ee 321 203 26 .50** 
LS ee 460 383 7.02°* 
ee 277 171 25 .08** 
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In the sample from the spring, for all of the species 
except D. fuscus, the ratio of immature females to 
males with one lobe per testis is one to one (Table 7). 
When the ratio of mature females, both spent and 
ripe, to males with two or more lobes per testis is 
tested, D. quadramaculatus and D. monticola show a 
one to one ratio but D. fuscus, D. 0. carolinensis, and 
D. wrighti do not (Table 10). The latter three species 
are all consistently deficient in mature females. 


TABLE 10. Chi Square Tests of the ratio of mature 
females to males with two or more lobes per testis based 
on the spring sample. The null hypothesis is that the sex 
ratio is one to one. The data were such that this was 
aecepted at better than the 0.05 level and rejected at the 
0.01 level (**). Abbreviations as in Table 1. 














Number of 
Males With | Number of 
Species Two or More Mature Chi Square 
Lobes Females 

D.q. 32 42 1.35 
LS SE 57 48 0.772 
_) See 100 47 1.47" 
epee See 196 129 13:8°* 
D.w 131 55 31.0** 








This indicates that the survivorship of the females 
of all five species, with the possible exception of D. 
fuscus, is similar to that of the males up to the time 
that the females become sexually mature. Thereafter, 
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the survivorship of the females is not similar to that 
of the males of their species at the same ages. This 
difference is insignificant in D. quadramaculatus and 
D. monticola but in D. fuscus, D. 0. carolinensis, and 
D. wrighti, the mortality of mature females is con- 
siderably higher than that of the males of their species 
at comparable ages. What factors, operating in the 
environment, would lead to the greater mortality of 
the mature females of D. fuscus, D. 0. carolinensis, 
and D. wrighti than of the males of these species? 

From the studies on survivorship of males of this 
genus, the habitat occupied by a population has been 
shown to have considerable influence on survivorship. 
The more terrestrial the population, the higher is the 
survivorship through the early years of maturity (Fig. 
8). Do mature females occupy habitats that are dif- 
ferent from those of males and immature individuals 
of both sexes? 

During the late spring, summer, and early fall, the 
brooding females are in aquatie nesting sites with 
their eggs. These nests are so similar in physical 
conditions that brooding females of all five species 
may be said to have the same habitat at this time of 
the year. 

The nesting sites, utilized by brooding females of 
D. quadramaculatus and D. monticola are not a great 
departure from the habitats occupied by the males and 
survivorship is similar for the two sexes. In D. 0. 
carolinensis and D. wrighti, however, the aquatic nest- 
ing sites are a great departure from the habitats 
oceupied by the males during the late spring, sum- 
mer, and early fall inasmuch as the males of these 
two species are terrestrial at those times of the year. 
If the mortality in aquatic habitats is higher than 
in terrestrial habitats, any part of an otherwise ter- 
restrial population that returns to an aquatic habitat 
will be subject to a higher mortality rate than the 
part that does not. In D. 0. carolinensis and D. 
wrighti the brooding females, as a group, represent a 
part of the population that returns to an aquatic site 
and, as a group, they have a higher rate of mortality 
than that part of the population that remains ter- 
restrial during the brooding season. 

In D. fuscus, however, the nesting sites are not a 
great departure from the habitat occupied by the 
males of this species and yet the mature females have 
a higher mortality than the males. Clearly, habitat 
alone is insufficient to explain the higher mortality of 
mature females of D. fuscus, D. 0. carolinensis, and 
D. wrighti. It should not, however, be minimized as 
one of the factors operating against the females. 

The brooding females apparently remain in the 
nesi with their eggs throughout the period of develop- 
ment and hatching. The interval between egg laying 
and hatching is unknown for any of the species of the 
genus but it must certainly be a matter of months. 
During this time the brooding females apparently do 
not forage for food but may feed on organisms en- 
tering the nest. Since hatching occurs during the late 
summer and fall, the females that have been brooding 
eggs have little opportunity to feed before the onset 
of winter when reduced activity or hibernation takes 
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place. One of the results of this lack of opportunity 
for brooding females to feed has been a biennial re- 
productive eyele in the females. Another result may 
well be increased mortality among the females due to 
malnutrition. 

One final consideration of the factors operating 
against the females is the behavior of brooding fe- 
males in the nest. They do not react to danger by 
fleeing as readily as nonbrooding females and males. 
Even when the nest is completely uncovered, the 
brooding females remain with their eggs. Brood- 
ing females, therefore, are probably more suscepti- 
ble to predation than nonbrooding adults of their 
species. Since the most likely predators in this area 
are other salamanders such as Pseudotriton, and the 
larger species of Desmognathus, the smaller the 
female, the more likely is it to be eaten by another 
salamander. The large size of brooding females of 
D. quadramaculatus and D. monticola may give them 
some immunity from this type of predation. 

All these factors: size of the female, lack of food 
while brooding, hesitancy to flee from danger, and 
habitat oceupied while brooding doubtlessly contribute 
to the higher mortality observed in mature females. 
The effect is greatest in the smaller species where the 
habitat occupied by brooding females is strikingly 
different from that of the males and nonbrooding 
females of the species. 

No differences in behavior or habitat of nonbrooding 
females and males were noted in the course of the 
field studies. Since there is evidence for a biennial 
reproductive cycle in the females, mature females 
survive at one rate in the years that they are brooding 
eggs and at another rate in the years that they are 
not. If these two rates of survival are known, it is 
possible to caleulate the survivorship of mature 
females from the number of immature females which 
are known to be 3 and 4 years of age. 

The mean annual rate of survival of brooding 
females is the number of females that produced eggs 
during the previous year divided by the number of 
females producing eggs during the current year. As 
was indieated in the section on the method of caleulat- 
ing male survivorship, it is relatively easy to dis- 
tinguish between these two categories of mature 
females in collections taken in the spring. The mean 
annual rates of survival of brooding females, based 
on the spring sample, are given in Table 11. 

Since no differences were noted in the behavior and 
habitat of nonbrooding females and males, the mean 
annual rate of survival of nonbrooding females is 
assumed to be equal to that of males. In males of 
D. fuseus, D. 0. carolinensis, and D. wrighti, there 
is considerable difference between survivorship during 
the early years of life and survivorship in the later 
years of life (Fig. 8). Therefore, it is necessary 
to estimate a mean rate of survival for the early years 
of life and another rate or the later years of life. 

The best estimate of the mean rate of survival for 
males in their early years of life is the number of 
males with 2 lobes per testis divided by the number 
of males with 1 lobe per testis. Since the lobes are 
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TABLE 11. The mean annual rates of survival for brood- 
ing females based on the spring sample. The mean 
annual rate of survival for brooding females is the 
number of females that produced eggs during the pre- 
vious year divided by the number of females producing 
eggs during the current year. See text for the method 
used in determining to which category individual mature 
females belonged. Abbreviations as in Table 1. 
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added to the testis at intervals of 2 years, this is ac- 
tually a mean biennial rate of survival. To determine 
the mean annual rate of survival, it is necessary to 
take the square root of the mean biennial rate of sur- 
vival (Table 12). 

The best estimate of the mean rate of survival of 
males in their later years of life is the number of 
males with 3 lobes per testis divided by the number of 
males with 2 lobes per testis. Again, this is a mean 
biennial rate of survival and the mean annual rate of 
survival is the square root of the mean biennial rate 
(Table 13). 

Assuming that the sex ratio is one to one at the egg 
stage of the life history, the number of females in age 
classes 0 and 1 is the same as that of the males of 
each species (Table 8). This number was converted 
to 1.000 as it was in males. The number of imma- 
ture females of each species was then proportionally 
converted to the number of females surviving from 
an initial population of 1.000 in the survivorship 


TABLE 12. The mean annual rates of survival for males 
and nonbrooding females in the early years of life and 
estimates of the mean age of immature females based 
on the spring sample. The mean annual rate of survival 
for nonbrooding females is assumed to be equal to that 
for males. This is the square root of the quotient of the 
number of males with two lobes per testis divided by the 
rumber of males with one lobe per testis. The mean age 
of immature females is equal to: 

3+4S 

1+8 
where ‘‘S’’ is the mean annual rate of survival for im- 
mature females. Abbreviations as in Table 1. 
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TABLE 13. The mean annual rates of survival for males 
and nonbrooding females in the later years of life based 
on the spring sample. The mean annual rate of survival 
for nonbrooding females is assumed to be equal to that 
for males. This is the square root of the quotient of the 
number of males with three lobes per testis divided by 
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the number of males with two lobes per testis. Abbrevia- 
tions as in Table 1. 
Mean | Mean 
Number of | Number of | Biennial | Annual 
Species | Males With | Males With | Rate of | Rate of 
Three Lobes | Two Lobes | Survival | Survival 
| per Testis | per Testis | F | ‘ 
“Sree 4 | oS) sm) - 2 
et ee oe | 
LL ee 14 85 165 | .40 
DS... 1 47 | 146 a ne yf 
Dw... ;.. a .0835 | .29 





column (1,) of each life table (Tables 14, 15, 16, 17, 
18). These immature females are known to be 3 and 
4 years of age but since the survivorship of each 
species is different in the early years of life (Fig. 8), 
the proportion of 3 year old females to four year 
old females in each of the samples of immature fe- 
males will be slightly different. Thus, the mean age 
of the immature females of each species will also be 
slightly different. In D. quadramaculatus and D. 
monticola, both of which have a low survivorship in 
early years, this mean age will be closer to three 
years than to four years. On the other hand, in D. 
wrighti, which has a high survivorship in early years, 
the value of the mean age of immature females should 
be almost midway between three and four years. The 
mean age for immature females of each species is 


TABLE 14. The life table for females of D. quadrama- 
culetus based on the spring sample. See text for the 
method used in obtaining the life table. 
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given in Table 12, as is the method used in determining 
this value. 

Since the mean age of immature females of each 
species is slightly different, only one species, D. 
wrighti, will be used as an example of the method used 
in determining the survivorship of females in this 
genus. The mean age of immature females of D. 
wrighti is 3.5 years (Table 12). To obtain the pro- 


TABLE 15. The life table for females of D. monticola 
based on the spring sample. See text for the method used 
in obtaining the life table. 
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TABLE 16, The life table for females of D. fuscus 
based on the spring sample. See text for the method 
used in obtaining the life table. 
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TABLE 17. The life table for females of D. 0. caro- 
linensis based on the spring sample. See text for the 
method used in obtaining the life table. 
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TABLE 18. The life table for females of D. wrighti 
based on the spring sample. See text for the method 
used in obtaining the life table. 
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portion of females surviving at 4.5 years, the propor- 
tion of females in the survivorship column (1,) of the 
life table (Table 18) at age 3.5 years was multiplied 
by 0.91, the mean annual rate of survival for younger 
nonbrooding females (Table 12). The proportion of 
females at age 4.5 years was multiplied by 0.19, the 
mean annual rate of survival for brooding females 
(Table 11), to obtain the proportion of females sur- 
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viving at 5.5 years. The proportion of females at 
age 5.5 was multiplied by 0.91, as before, to obtain 
the proportion surviving at 6.5 years. The propor- 
tion at age 6.5 was multiplied by 0.19, as before, to 
obtain the proportion of females surviving at 7.5 
years. The proportion of females at age 7.5 was 
then multiplied by 0.29, the mean annual rate of 
survival for nonbrooding females in later years of 
life (Table 13), to obtain the proportion surviving at 
8.5 years. The proportion at age 8.5 was multiplied 
hy 0.19, as before, to obtain the proportion surviving 
at 9.5 years. Finally, the proportion at age 9.5 
was multiplied by 0.29, as before, to obtain the pro- 
portion surviving at 10.5 years of age. Thus, the 
survival rate for brooding females is constant, but 
two different rates of survival for nonbrooding females 
are used in order to be consistent with the assumption 
that the survival rate for nonbrooding females must 
be the same as that for males of comparable ages. 

The log of the proportion of females surviving at 
3.5, 4.5, 5.5, 6.5, 7.5, 8.5, 9.5, and 10.5 years was 
plotted against age, and the proportion of females sur- 
viving at 4, 5, 6, 7, 8, and 9 years was obtained by in- 
terpolation between the calculated points (Table 
18). By this method, the survivorship of females of 
D. wrighti was obtained for each year class rather 
than in units of two year classes as it was in the males 
(Table 8). 

The same method was used in obtaining the sur- 
vivorship column (l,) of the life tables of females 
of the other species. In D. quadramaculatus and D. 
monticola, the survivorship of females prior to in- 
terpolation on a semilogarithmic graph was in time 
units of 3.3, 4.3, 5.3, 6.3, 7.3, 8.3, 9.3, and 10.3 years 
(Tables 14, 15). In D. fuseus and D. 0. carolinensis 
the survivorship of females prior to interpolation on 
a semilogarithmic graph was in time units of 3.4, 4.4, 
5.4, 6.4, 7.4, 8.4, 9.4, and 10.4 years (Tables 16, 17). 


Lire TABLES OF FEMALES 


Now that the survivorship (1,) of females has been 
determined, it is possible to use the life table as a 
method of checking the accuracy of the assumptions 
made in determining the survivorship of the females 
and the sampling error in the collections taken in the 
field during the spring of the year. 

Since the populations of all five species of Des- 
mognathus have been assumed to be stationary (ex- 
actly replacing themselves), the proportion of eggs 
produced by each population (Net Reproductive Rate) 
should be equal to the proportion of individuals in the 
0 and 1 year class. For each species, the proportion 
of individuals in the 0 and 1 year class has the value 
of 1.000 in the survivorship column (l,) of the life 
table. Thus, the net reproductive rate for each species 
should also have a value equal to 1.000. The net 
reproductive rate for each species is the total number 
of female eggs produced per female or the sum of 
the l,m, column of the life table. The sum of the 
l,m, column or net reproductive rate is usually 
designated by the symbol Ro in life table studies. 

The m, column of the life table is based on the 
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number of female eggs produced per female. As- 
suming a one to one sex ratio in the egg stage of the 
life history, the number of female eggs produced per 
female is one half the mean clutch size of the species. 
The mean clutch size for each species is based on the 
data given in Table 6. Finally, since the females of 
all five species deposit eggs at the ages of five, seven, 
and nine years, the m, value can apply only to these 
three age classes and is zero for all other age classes 
because the females are not depositing eggs. 

The life tables for each species of Desmognathus, 
based on the females collected in the spring, are given 
in Tables 14, 15, 16, 17, and 18. None of the species 
has a net reproductive rate (Rg) equal to the expected 
value of 1.000. In D. quadramaculatus, D. monticola, 
D. o. carolinensis, and D. wrighti, the net reproductive 
rate is between 0.5 and 2.0, which is a reasonable 
range of error for field studies on life tables. In 
D. fuscus, the net reproductive rate (Ro) is not be- 
tween the values of 0.5 and 2.0 and is not considered 
to be close to the expected value of unity. Thus, in 
every species except D. fuscus, the errors contained 
in the assumptions made in determining the sur- 
vivorship of the females and the sampling error in 
the collections taken during the spring were apparent- 
ly small. 

The range of error of 0.5 to 2.0 for the net repro- 
duetive rate, at first glance, may appear to be a wide 
range but it should be remembered that, in calculating 
a life table based on a sample from the field, any 
sampling error in the collection will be compounded 
throughout the life table and will appear in a highly 
expanded form in the net reproductive rate (Ro). 

For example, the life table for each of the species 
of Desmognathus is based on a sample collected in 
the spring of a single year. The relationship between 
the net reproductive rate and the sampling error 
for a collection taken in a single year is such that 
Ro=(% error per year)™, where the exponent “T” 
is the mean generation time for the population. The 
mean generation time (T) for a population is the 
sum of the xl,m, column of the life table divided by 
the sum of the l,m, column of the life table; where 
“x” is the age in years; “l,” is the survivorship; and 
“m,” is the number of female eggs per female. The 
mean generation time (T) for each species, based on 
the life table of the females, is: D. quadramaculatus, 
5.35 years; D. monticola, 5.56 years; D. fuscus, 5.14 
years; D. o. carolinensis, 5.46 years; and D. wrighti, 
5.31 years. 

In other words, the sampling error in the spring 
collection was multiplied by itself more than five times 
and this compounded error is contained in the net 
reproductive rate (Ro) for each species in the life 
tables (Tables 14, 15, 16, 17, 18). 

As a check on the accuracy of the samples collected 
in the spring, it is necessary to determine the per- 
cent error per year. In the equation Rp=(% error 
per year)™, the net reproductive rate, Ro, and the 
mean generation time, T, are known for each species. 
Solving for the percent error per year in the collec- 
tion, the formula is % error per year= 
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The percent error per year for each species, obtained 
by the above formula, is D. quadramaculatus, 0.0%; 
D. monticola,.2%; D. fuscus 16%; D. 0. carolinensis, 
5%; and D. wrighti, 6%. Thus, with the exception 
of the collection for females of D. fuscus, the 
sampling errors contained in the spring collections for 
the five species of Desmognathus are within a reason- 
ably small range. 

The most striking difference between the collection 
of D. fuscus and the collections of the other four 
species of the genus was in the sex ratio between 
immature females and males with one lobe per testis. 
D. fuscus was the only species in which this ratio 
was not one to one in the spring sample. If the 
sampling error in this species is as large as was 
indicated above, then it is certainly in the direction of 
collecting immature females in insufficient numbers. 
On the other hand, the females of D. fuscus may con- 
ceivably attain sexual maturity at an earlier age than 
the females of the other species. There is even the 
possibility that some females of D. fuscus may repro- 
duce annually instead of biennially. The last sugges- 
tion is based on the observed hatching time for the 
young of this species (Table 6). In D. fuscus, at least 
one egg mass hatched in early August. The females 
that brood egg masses hatching in early August may 
resume active feeding for a long enough period prior 
to winter to develop large ovarian eggs which may 
be deposited in successive years rather than bien- 
nially. 

Of the five species of Desmognathus in the study 
area, D. fuscus is the least typical of mountainous 
areas. It attains high altitudes at Whitetop Moun- 
tain and Mount Rogers and also is found above 5000 
ft in the Great Smoky Mountains National Park 
(King 1939). Throughout most of its geographical 
range, however, it is a piedmont and lowland species. 
At the present state of our knowledge, the life table 
for females of D. fuscus must remain in doubt. It is 
hoped that more attention will be focused upon this 
species in future field studies of the population strue- 
ture and dynamics of salamanders. 


DISCUSSION 


The series D. quadramaculatus, D. monticola, D. 
fuscus, D. 0. carolinensis, and D. wrighti has long 
been considered to represent successive stages of evo- 
lution within the genus Desmognathus (Dunn 1926, 
Hairston 1949, and others). This series is usually 
based on certain morphological characters that are 
generalized or primitive in D. quadramaculatus and 
become progressively more specialized, reaching an 
extreme in D. wrighti. The morphological characters 
and their changes have been dealt with in detail 
by Dunn (1926), Noble (1927), and King (1936). 

Dunn (1926) envisioned speciation within Des- 
mognathus as the result of the presence of various 
ecological barriers. Evidence of considerable overlap 
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in habitat and in ecology of the species of the genus, 
however, has been presented by Hairston (1949) and 
confirmed by the present study. Moreover, the eco- 
logical barriers between the species tend to break down 
even further during the critical courtship and repro- 
ductive stages of the life histories. It is difficult to 
visualize speciation within the genus without the 
presence of some other kinds of barriers. This aspect 
of speciation within the genus has been discussed in 
detail by Hairston (1949). 


CONSERVATISM OF REPRODUCTIVE HABITS 


Prior to a discussion of the many aspects of the five 
species that show progressive trends in the genus 
Desmognathus, it should be noted that the reproduc- 
tive habits of the species are relatively devoid of such 
trends. Males of all five species reach maturity at 
3.5 years of age. With the possible exception of D. 
fuscus, females reach maturity at 4.5 years of age, 
deposit their first eggs at 5 years of age, and have 
a biennial reproductive cycle. Courtship takes place 
in all 5 species during the fall and spring. The court- 
ship patterns of the 4 species observed were similar 
as were the aggressive responses of males towards 
other males during the courtship seasons. All of the 
species deposit their eggs in the late spring and early 
summer and the eggs hatch in late summer and early 
fall. The females remain with the eggs and brood 
them until the young have hatched. The nesting sites 
utilized by the 5 species are aquatic and so similar 
that the eggs and brooding females of two different 
species can be found in the same site at the same 
time. 


EVOLUTIONARY TRENDS IN THE 
GENUS Desmognathus 


Dunn (1926) postulated that the Plethodontidae 
evolved as a group that was adapted for life in the 
mountain streams of the southern Appalachians. He 
suggested that these mountain streams had originally 
been occupied by the ancestral form and were still 
occupied by the more generalized species of the 
family. From the ancestral mountain stream habitat 
many lines of radiation are evident. Some pletho- 
dontids are completely aquatic, others are completely 
terrestrial, etc. Moreover, several groups within the 
family have followed similar lines of adaptation in- 
dependently. Desmognathus is one of the groups with 
an evolutionary trend towards terrestrialism. 

In the following discussion, the various species of 
the genus will be referred to as “representative of 
stages of evolution of Desmognathus.”’ This does 
not imply that each “stage” gave rise to the next 
“stage” in terms of one contemporary species giving 
rise to another. It merely indicates that the pathway 
taken during the change of habitat from aquatic to 
terrestrial in the course of the evolution of the genus 
was more probably from stream to stream-bank to 
forest rather than directly from stream to forest. 
Since some of the species still oceupy these habitats, 
they should be indicative of some of the results of 
natural selection within each habitat. In short, the 
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evolutionary trends in the genus, resulting from 
changes in ecology, should not be confused with 
the details of the mechanisms of speciation. Indeed, 
the pattern of speciation within the genus, in terms 
of the presence or absence of past geographical bar- 
riers as indicated by Hairston (1949), in no way 
conflicts with the above suggestion as to the sequence 
in which successive habitats were occupied during the 
evolution of the genus. 

Hairston (1949) demonstrated that D. quadra- 
maculatus, D. monticola, D. o. carolinensis, and D. 
wrighti formed an aquatic to terrestrial ecological 
series. This has not only been confirmed by the 
present study but it has also been supplemented by 
the insertion of D. fuscus in the series. 

D, quadramaculatus, the most generalized species 
in the genus, is essentially an aquatie form. It is 
found both in the water and in the banks of streams 
but the highest percentage of specimens are taken in 
the water. D. monticola, which is closely related to 
D. quadramaculatus, is representative of the next 
stage of evolution within the genus. It oceupies the 
banks of streams and is found in seepage areas. The 
stream bank and seepage area habitats are more 
terrestrial than the habitats occupied by D. quadra- 
maculatus. 

D. fuscus is representative of the next stage of 
evolution within the genus. Typically, it is a low- 
land and piedmont species, but in the Balsam Moun- 
tains it occupies the headwaters of streams and is 
found in seepage areas. Since these sites are more 
subject to fluctuation in water level than are the sites 
usually oceupied by D. monticola, D. fuseus may be 
considered to be slightly more terrestrial than D. 
monticola. There is, however, some overlap in habitat 
between the two species, particularly in seepage areas, 
and the implied difference between the two species 
may be greater than actually exists. 

D. 0. carolinensis, which is representative of the 
next stage of evolution within the genus, is unques- 
tionably more terrestrial than D. fuscus. With the 
exception of the winter season, when many, if not 
most, of the individuals aggregate in aquatie sites for 
hibernation, this species is typical of the forest habi- 
tats. Even during the summer, spring, and fall, how- 
ever, some individuals, other than breeding females, 
can be found in aquatic sites, 

D. wrighti is considered to represent the terminal 
species within the series (Hairston, 1949). During 
the summer, fall, and spring, with the exception of 
breeding females in aquatic nesting sites, virtually 
all of the individuals of this species are in the 
forest. Like D. 0. carolinensis, many, if not most, of 
the individuals return to aquatic sites for hiberna- 
ation. In spite of this, there is little doubt that D. 
wrighti is the most terrestrial species in the genus. 

There are many other trends within the genus that 
parallel this ecological trend. The most obvious of 
these is the progressive reduction in body size. In de- 
creasing order from the largest to the smallest species, 
the series is: D. quadramaculatus, D. monticola, D. 
fuscus, D. 0. carolinensis, and D. wrighti. The redue- 
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tion in body size has been accompanied by a progres- 
sive reduction in the number of eggs produced per 
female in each of the species. The series in decreas- 
ing order of mean clutch size from the largest to the 
smallest clutch is the same as that for size reduction. 

Terrestrialism has also been accompanied by a 
progressive reduction in the length of the larval period 
in the five species. The series in decreasing order 
from the longest to the shortest larval period is: 
D. quadramaculatus, D. fuscus, D. monticola, D. o. 
carolinensis, and D. wrighti. The last species has no 
free-living larval stage. It should be noted that the 
expected positions of D. monticola and D. fuseus in 
the series are reversed. 

The most striking effect of the terrestrial trend 
in this genus has been on survivorship. The more 
terrestrial the population, the greater is the propor- 
tion of individuals surviving up to, and through, the 
early years of maturity. This has been demonstrated 
both at the interspecies and intraspecies level. The 
series in increasing order from the species with the 
lowest proportion of individuals reaching maturity to 
the highest is: D. quadramaculatus, D. monticola, D. 
fuscus, D. 0. carolinensis, and D. wrighti. Even with- 
in a single species, when one sex has been shown to 
occupy an aquatic habitat whereas the other sex oc- 
cupies terrestrial habitats, the sex with the aquatic 
habitat has a higher rate of mortality than that with 
a terrestrial habitat. This is particularly evident in 
D. o. carolinensis and D. wrighti, in which breeding 
females are aquatic and nearly all males and non- 
breeding females are terrestrial during the late spring, 
summer, and early fall. 

In terms of population dynamics, the direction 
taken by evolution within this genus has been the 
gradual transformation of a population with a high 
egg production and low survival into a population with 
a low egg production and a high survival to maturity. 
Most of the other trends observed in the species of 
Desmognathus are directly related to this change in 
the population structure and its dynamies. For ex- 
ample, the age of maturity in females is stable in this 
genus and the reduction of the size of the species 
through the series would be detrimental to the species 
unless there was a corresponding increase in survival 
to maturity. Since there is probably a minimum egg 
size, below which a hatchling cannot be produced, 
any reduction in size of the female would also result 
in a reduction of the clutch size deposited by the 
female. If the clutch size is reduced without a cor- 
responding increase in survivorship to maturity, the 
species would become extinct. 

Terrestrialism has yet another effect on the popu- 
lation structure within the genus. The more terrestrial 
the species, the higher the proportion of mature 
males to mature females in the species. This is attrib- 
uted directly to the higher death rate of mature 
breeding females as a result of their aquatic nesting 
behavior. 

Whereas no quantitative studies were made on the 
population density in the various habitats utilized by 
the species of Desmognathus, the subjective impres- 
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sion gained in the course of this study was that the 
density is high in the aquatie sites and low in the 
terrestrial sites. Assuming random movement of the 
individuals, the encounters between the sexes in the 
terrestrial habitats are probably less frequent than in 
the aquatic habitats. The surplus of mature males in 
the terrestrial species may actually counterbalance 
the high mortality of breeding females by increasing 
the probability of successfully encountering and fer- 
tilizing the available mature females in that habitat. 
This, of course, does not imply that the high mortality 
of mature females of the terrestrial species has a 
selective advantage but it does imply that the low 
mortality of mature males of these species has a 
selective advantage. The alternative to this suggestion 
is that the presence of surpius males in the more 
terrestrial species, such as D. 0. carolinensis and D. 
wrighti, has no selective advantage’ at all. 

The population dynamics of the five species of 
Desmognathus, based on the collections from the 
Balsam Mountains in Virginia, are not expected to 
have universal validity for any of the species over 
their entire geographical range. The population stru- 
tures and their dynamics, in this genus, are so obvious- 
ly the result of various environmental pressures and of 
the interrelationships between the species of this genus 
and those of other salamander genera that they could 
only be duplicated in regions where the conditions 
were similar to, if not identical with, those existing 
in the Balsam Mountains. For example, the sur- 
vivorship of D. fuscus in the northern part of its 
range, where it is the only species of Desmognathus 
present in the environment, is probably different from 
that in the Balsam Mountains where four other species 
of this genus are present. The same ean be said for 
each of the other species. 

When the population dynamies of a single species is 
known for different competitive situations under dif- 
ferent ecological conditions throughout its geographi- 
cal range, ecologists will begin to have some insight 
into the relationship of that species to its environ- 
ment. This information can be derived only from 
studies in the field. It is hoped that more attention 
will be directed towards this problem in the future. 


SUMMARY 

Intensive field studies have been made on five species 
of the salamander genus Desmognathus in the Balsam 
Mountains of southwestern Virginia. Of 12,000 
plethodontid salamanders collected, preserved, and 
subsequently dissected in the course of this study, 
7000 were of the genus Desmognathus. None of the 
five species of this genus is represented by less than 
1000 individuals in the collection. 

The local distributions of the five species were de- 
termined by vertical transects made along a continuous 
slope at intervals of 100 vertical feet. Horizontal 
transects were made at each vertical stop along 
transects of large streams. The seasonal variation 
in the local distributions ef the five species was 
determined by repeating the transects at different 
seasons of the year. 























April, 1961 


The aquatic to terrestrial ecological series in this 
genus, described by Hairston, was confirmed. In ad- 
dition, D. fuscus, like D. monticola, was shown to be a 
stream bank species in large streams in this area. 

D. o. carolinensis and D. wrighti, both of which are 
found in the forest up to 250 ft from open water 
in the summer, showed a seasonal shift towards the 
aquatic sites in the fall and spring. Excavations in 
aquatic habitats revealed that these two species aggre- 
gate and presumably hibernate in these sites during 
the winter. 

The transects revealed considerable overlap in the 
vertical distributions of the five species. Studies in 
different kinds of aquatic sites revealed that D. monti- 
cola and D. fuscus are altitudinally separated along 
large mountain streams. D. fuscus occupies the banks 
at the headwaters and D. monticola occupies the banks 
at the lower elevations along the streams. These two 
species, however, occur together in small streams and 
in seepage areas at lower elevations. D. quadrama- 
culatus is present in large and small mountain streams 
but is absent from seepage areas. 

The life histories of all five species were studied in 
detail. The courtship seasons and the reproductive 
seasons of these species were found to be the same. 
The females of Desmognathus utilize aquatic nesting 
sites for egg-laying and apparently remain with the 
eggs through the period of development to hatching. 
The eggs are deposited in the late spring and early 
summer and hatching takes place in late summer and 
fall. Courtship takes place in the fall and spring. 

Courtship behavior and aggressive behavior were 
described for four out of the five species studied. The 
courtship patterns of the species of this genus are 
similar and the patterns observed in the fall were 
the same as those observed in the spring. The ag- 
gressive behavior of males towards other males during 
the courtship season was suggested as the method by 
which sex recognition takes place in this genus. 

The role of secondary sexual characters in Des- 
mognathus is explained on the basis of either court- 
ship behavior or aggressive behavior in connection 
with courtship. Most of the secondary sexual charac- 
ters of males of this genus were found to have a 
function either directly or indirectly related to court- 
ship. 

The series D. quadramaculatus, D. fuscus, D. monti- 
cola, D. 0. carolinensis, and D. wrighti has been shown 
to be one of progressive reduction of the length of the 
larval period. The last species has no free-living 
larval stage in its life history. 

The age at maturity was determined for each species 
by dissections and by size-frequency information. The 
males of all five species become sexually mature and 
engage in their first courtship in the fall at 3.5 years 
of age. The females of the five species also become 
mature in the fall, one year later than the males, and 
deposit their first clutch of eggs in the following 
spring or summer at 5 years of age. The size of the 
species, length of larval period, and habitat oceupied 
have been shown to have no effect on the age of 
maturity in this genus. 
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On the basis of dissections, particularly of females 
collected in the spring, the five species were shown 
to have a biennial reproductive cycle in the Balsam 
Mountains. Moreover, the females were shown to 
deposit eggs at 5, 7, and 9 years of age. 

The population structures and survivorship curves 
for males of each species were determined by means 
of size-frequency information and the number of 
lobes on each of the testes. The lobes per testis are 
known to increase with the age of the individual. The 
series D. quadramaculatus, D. monticola, D. fuscus, 
D. 0. carolinensis, and D. wrighti was shown to be 
one of increasing survivorship through the early years 
of sexual maturity. This sequence of species was 
identical to that in the aquatic to terrestrial ecological 
sequence. 

The population structures and life tables for the 
females of the five species were also determined. 
When balanced, four out of the five life tables were 
found to be within a reasonable range error for 
field studies of stationary life tables. THe life table 
for females of D. fuscus did not fall within this range 
of error. Either the assumptions used in determining 
the survivorship of females of this species were in- 
valid or the sampling error in D. fuscus was larger 
than in the other species studied. 

The survivorship of females of D. quadramaculatus 
and D. monticola was found to be similar to that of 
the males of these species, both before and after the 
females became mature. In D. fuscus, D. 0. caro- 
linensis, and D. wrighti, the survivorship in females 
was the same as that in the males until the females 
reached maturity, but mature females were found to 
have a higher mortality than males of comparable 
ages, 

The relationship of habitat to survivorship in this 
genus has been demonstrated and discussed both at 
the interspecific and intraspecific levels. It has been 
shown that, in the genus Desmognathus, the more 
terrestrial the population, the higher is the proportion 
of individuals reaching sexual maturity and the lower 
is the number of eggs produced per female. 

The direction of evolution in this genus has been 
indicated by various trends shown by the species 
within it, such as: size of the species, mean clutch size, 
length of larval period, habitat, and survivorship. 

Finally, the effect of natural selection on the popu- 
lation structure and its dynamics within the genus 
Desmognathus has been indicated and discussed. 
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